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Liver Transplantation

Modifying Tacrolimus-related Toxicity After 
Liver Transplantation Comparing Life Cycle 
Pharma Tacrolimus Versus Extended-released 
Tacrolimus: A Multicenter, Randomized 
Controlled Trial
Midas B. Mulder, PharmD,1,2 Bart van Hoek, MD, PhD,3 Wojtek G. Polak, MD, PhD,2,4 Ian P.J. Alwayn, MD, PhD,5  
Brenda C.M. de Winter, PharmD, PhD,1,2 Sarwa Darwish Murad, MD, PhD,2,6 Elke Verhey-Hart, BSc,2,6 
Lara Elshove, MSc,2,6 Nicole S. Erler, Dipl-Stat, PhD,7,8 Dennis A. Hesselink, MD, PhD,2,9 
Caroline M. den Hoed, MD, PhD,2,6 and Herold J. Metselaar, MD, PhD2,6

Background. The aim of this open-label, multicenter, randomized controlled study was to investigate whether the life 
cycle pharma (LCP)-tacrolimus compared with the extended-release (ER)-tacrolimus formulation results in a difference in 
the prevalence of posttransplant diabetes, hypertension and chronic kidney disease (CKD) at 12 mo after liver transplan-
tation.  Methods. Patients were 1:1 randomized to either of the 2 tacrolimus formulations. The primary endpoint was 
defined as a composite endpoint of any of 3 events: sustained (>3 mo postrandomization) posttransplant diabetes, new-
onset hypertension, and/or CKD, defined as estimated glomerular filtration rate <60 mL/min/1.73 m2 for >3 m during the 
follow-up.  Results. In total, 105 patients were included. In the intention-to-treat analysis, a statistically significant lower 
proportion of liver transplant recipients in the LCP-tacrolimus group reached the composite primary endpoint at 12 mo com-
pared with the ER-tacrolimus group (50.9% [27/53], 95% confidence interval [CI], 37.9%-63.9% versus 71.2% [37/52], 95% 
CI, 57.7%-81.7%; risk difference: 0.202; 95% CI, 0.002-0.382; P = 0.046). No significant difference was found in the per 
protocol analysis. In the intention-to-treat and per protocol population, fewer liver transplant recipients in the LCP-tacrolimus 
group developed CKD and new-onset hypertension compared with the ER-tacrolimus group. No differences in rejection 
rate, graft and patient survival were found.  Conclusions. A statistically significant and clinically relevant reduction in the 
prevalence of the composite primary endpoint was found in the LCP-tacrolimus group compared with the ER-tacrolimus 
group in the first year after liver transplantation with comparable efficacy. 

(Transplantation Direct 2024;10: e1612; doi: 10.1097/TXD.0000000000001612.) 

Tacrolimus is the cornerstone of the immunosuppressive 
regimen after liver transplantation (LT). The use of tacroli-

mus has substantially decreased the risk of acute rejection and 
has improved short-term outcomes, but these short-term gains 
are not matched by similar gains in long-term outcomes.1-3 

Tacrolimus was approved in 1994 by the European Medicines 
Agency and Food and Drug Administration as twice-daily cap-
sules (Prograf; Astellas Pharma). In 2007, the first once-daily 
extended-release (ER)-tacrolimus formulation (Advagraf; 
Astellas Pharma) received approval, and in 2014, a second 
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prolonged-release once-daily tacrolimus formulation, life cycle 
pharma (LCP)-tacrolimus, (Envarsus; Chiesi Farmaceutici 
S.p.A.) was approved. The introduction of once-daily tacroli-
mus formulations improved the medication adherence in liver 
transplant recipients.4,5 Around the world, the choice for a tac-
rolimus formulation varies among transplant centers and no 
preference is pronounced.

Tacrolimus is associated with a wide range of side effects 
with potential negative impact on long-term outcomes in liver 
transplant recipients. Cumulative exposure and peak blood 
concentration of tacrolimus are 2 factors associated with side 
effects that are potentially modifiable.6-8 Nephrotoxicity, post-
transplant diabetes (PTDM), hypertension, and neurotoxic-
ity are the most common side effects specific to calcineurin 
inhibitors (CNIs), aside from the risk of infection and the 
development of de novo malignancy, which are shared by 
most immunosuppressive agents.9 Several studies show that 
in the first years after LT the incidence of PTDM ranges from 
10% to 30% and the incidence of hypertension ranges from 
40% to 60%.10 Furthermore, up to 50% of LT recipients will 
develop chronic kidney disease (CKD) defined as an estimated 
glomerular filtration rate (eGFR) of <60 mL/min/1.73 m2.11,12 
Apart from the direct nephrotoxic effects of tacrolimus, diabe-
tes, hypertension and, in the past, recurrent hepatitis C infec-
tion have an additive effect on the development of CKD.13 A 
number of strategies has been developed to minimize the risk 
on tacrolimus toxicity including different dosing regimens 
and combinations with multiple immunosuppressive agents 
allowing for lower (cumulative) tacrolimus exposure.12

LCP-tacrolimus is a prolonged-release tacrolimus formula-
tion utilizing a new drug delivery technology (MeltDose).14,15 
This formulation has lower peak-through blood level fluctua-
tions and a higher bioavailability compared with the other tac-
rolimus formulations, resulting in a lower dose requirement to 
reach a certain tacrolimus exposure.14,16,17 Rayar et al18 showed 
that a high intrapatient variability of tacrolimus exposure in LT 

recipients was associated with poorer outcomes. Furthermore, 
the tacrolimus immediate-release (IR) formulation (Prograf) 
and ER-tacrolimus formulation are associated with a charac-
teristic high peak concentration (Cmax) following dosing, which 
may be associated with increased neurotoxicity.19 Whether 
the high peak concentration (Cmax) is also associated with the 
increased cardiovascular risk profile of tacrolimus is unknown.

To date, no head-to-head comparison between the 2 once-
daily tacrolimus formulations has been performed to evalu-
ate differences in clinically relevant outcomes. Therefore, 
the aim of this randomized controlled study was to investi-
gate whether LCP-tacrolimus compared with ER-tacrolimus 
results in a difference in the prevalence of PTDM, new-onset 
hypertension, and CKD at 12 mo after transplantation.

MATERIALS AND METHODS

Study Design and Participants
This study was an open-label, multicenter, randomized con-

trolled trial. Patients were enrolled between April 2019 and 
October 2021 and prospectively followed for 12 mo or until 
death. Patients were randomized at discharge or within 4 wk 
(whichever came first) after LT from IR-tacrolimus to LCP-
tacrolimus or ER-tacrolimus.

Adult patients, between 18 and 75 y, were included after 
a primary LT. All participants gave written informed consent 
before any study-related activity. The main exclusion criteria 
were multiorgan transplantation, estimated glomerular filtra-
tion rate (eGFR) < 30 mL/min/1.73 m2 at the moment of rand-
omization, hepatic artery thrombosis, known hypersensitivity 
to tacrolimus, and the use of a mammalian target of rapamycin- 
inhibitor or the need for an IR-tacrolimus formulation.

The study was performed at 2 centers in the Netherlands: 
The Erasmus MC, University Medical Center Rotterdam, 
Rotterdam, The Netherlands, and Leiden University Medical 
Center, Leiden, The Netherlands. The study was approved by 
the institutional Ethical Committees of these institutions, reg-
istered in the EudraCT database (EudraCT: 2018-002856-34) 
and conducted in accordance with the latest version of the 
declaration of Helsinki.

Study Endpoints
The primary endpoint was defined as a composite endpoint 

of any of 3 events: sustained (>3 mo postrandomization) 
PTDM, new-onset hypertension, and/or CKD.

PTDM was defined according to the definition of diabetes 
by the World Health Organization (ie, fasting plasma glucose 
value of 7 mmol/L or random venous plasma glucose concen-
tration ≥11.1 mmol/L measured at least on 2 different occa-
sions or HbA1C >48 mmol/mol) and excludes the diagnosis 
of diabetes before LT.20,21 Because the majority of patients 
receive high-dose prednisolone in the immediate posttrans-
plant period, PTDM was defined by a sustained hyperglyce-
mia after the first 3 mo post-LT.

New-onset hypertension was defined as a systolic blood 
pressure of >140 mm Hg or diastolic blood pressure of >90 
mm Hg measured during ≥2 office blood pressure measure-
ments. This definition excluded the presence of hypertension 
before LT.

CKD was defined as grade ≥3 (eGFR <60 mL/min/1.73 m2)  
for >3 mo during the follow-up according to the KDIGO 
classification.22 The renal function was measured by serum 
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creatinine and the estimated glomerular filtration rate was 
calculated using the CKD Epidemiology Collaboration (CKD-
EPI) creatinine equation.23

Secondary endpoints included the individual components 
of the composite endpoint, prevalence of LT recipients having 
an eGFR <60 or <30 mL/min/1.73 m2 at 3, 6, and 12 post-
LT, graft survival, recipient survival, number of episodes, and 
severity of rejections and safety. Furthermore, the cumula-
tive exposure to tacrolimus was calculated by the area under 
curve of trough concentrations based on work by Rodríguez-
Perálvarez et al7,8 and for the patient treated according to the 
protocol the intrapatient variability (IPV) in tacrolimus in the 
first 6 and 12 mo was quantified as the coefficient of variation 
as described by van der Veer et al.24 Serious adverse events 
(SAEs) were described according to the Medical Dictionary 
for Regulatory Activities. Infections included every viral or 
bacterial infection that occurred during the study period 
excluding cholangitis.

Randomization and Masking
Participants were randomly assigned (1:1) to either LCP-

tacrolimus or ER-tacrolimus according to a computer- 
generated randomization list by CastorEDC.25 Stratification 
was done by center, to ensure an equal distribution of both 
arms in the 2 participating centers. Blinding of participants 
and physicians was not applied.

Procedures
After the transplantation participants received after basi-

liximab induction, corticosteroids, and mycophenolic acid 
(MPA). From day 5 after transplantation, IR-tacrolimus was 
started. The tacrolimus trough level at the time of randomiza-
tion had to be ≤6 ng/mL and MPA had to be discontinued. 
During the study follow-up, the dose of both tacrolimus for-
mulations was adapted according to trough levels, aiming for 
a trough level between 8 and 10 µg/L in the first 3 mo and a 
trough level between 6 and 8 µg/L thereafter. Dose adjustments 
of both formulations resulting in lower or higher trough levels 
were allowed in the case of severe side effects or rejection. In 
the case of deterioration of the kidney function, tacrolimus 
monotherapy could be switched to MPA or a mammalian 
target of rapamycin-inhibitor in combination with low-dose 
tacrolimus. Subjects switching tacrolimus therapy will not be 
replaced, according to the intention-to-treat (ITT) principle. 
Corticosteroids were lowered or discontinued within 180 d 
after randomization at the discretion of the treating physician.

Data Collection
Variables collected included recipient sociodemographic, 

clinical, and transplantation parameters, SAEs, and trough 
levels of tacrolimus.

Statistical Analysis
The percentage of LT recipients reaching the primary com-

posite endpoint in the ER-tacrolimus arm was estimated at 
68% (based on historical data, not published, at the Erasmus 
University Medical Center). The percentage of LT recipi-
ents reaching the primary composite endpoint in the LCP-
tacrolimus arm was expected to be 30% percentage points 
lower compared with the control group. To have 80% power 
to detect a significant difference at the 95% confidence 
level (CI) using the Pearson chi-square test with continuity 

correction 96 patients are required. However, to compensate 
for any unexpected loss, 10 additional patients were included 
resulting in a total of 106 patients deemed to be required.

Variables were described using counts (%) for nominal 
and ordinal variables and mean (SD) or median (interquartile 
range [IQR]) for the continuous variables, depending on the 
shape of the distribution.

The risk differences for the primary and secondary out-
comes between the 2 treatment arms were compared using 
the Pearson chi-square test (with continuity correction). The 
corresponding P values were obtained via Monte Carlo simu-
lation with 1 million simulations. Secondary endpoints were 
analyzed using the Pearson chi-square test, Mann–Whitney U 
test or Student t-test. For all statistical tests, a (2-sided) P value 
of <0.05 was considered to indicate statistical significance.

A generalized mixed-effect model was fitted to examine the 
kidney function during the course of the study. Besides the 
treatment arm, visit number, and their interaction, the model 
included covariates shown to be relevant in previous stud-
ies: tacrolimus trough levels, recipient age and sex, pre- and 
posttransplantation hypertension, and diabetes. Participant-
specific random intercepts were included to account for cor-
relation among repeated measurement nested within each 
participant. The shape of the association with the kidney 
function was investigated using natural cubic splines. Missing 
data were considered as missing completely at random. To 
visualize the estimated associations, the expected kidney func-
tion across the course of the study was calculated while fixing 
the values of all other covariates to the median or reference 
category.

The analysis was performed as an ITT and per protocol 
(PP). Patients with protocol violations in immunosuppressive 
therapy, a retransplantation, or death were excluded in the PP 
analysis. All data were collected in CastorEDC and analyses 
were conducted with R software (version 4.2.1).25,26

RESULTS

Table 1 presents the baseline characteristics. A total of 105 
patients was included, of whom 52 were randomized to the 
ER-tacrolimus and 53 to the LCP-tacrolimus arm (Figure 1). 
Most of the patients was transplanted because of HCC 
(31/105, 29.5%), primary sclerosing cholangitis (18/105, 
17.1%), or (non)alcoholic steatohepatitis (17/105, 16.2%). 
The mean eGFR at randomization in the ER-tacrolimus and 
LCP-tacrolimus groups was 82 ± 17.8 and 79 ± 20.4 mL/
min/1.73 m2. More patients with pretransplant hypertension 
were included in the ER-tacrolimus group compared with the 
LCP-tacrolimus group (32.7% versus 20.8%).

Composite Primary Endpoint and Separate 
Components

Figure 2 shows the proportion of LT recipients reach-
ing the composite primary endpoint and the separate com-
ponents of the composite primary endpoint in the ITT 
and PP populations. In the ITT population, a statistically 
significant lower proportion of LT recipients in the LCP-
tacrolimus group reached the composite primary end-
point at 12 mo compared with the ER-tacrolimus group 
(50.9% [27/53]; 95% CI, 37.9%-63.9% versus 71.2% 
[37/52]; 95% CI, 57.7%-81.7%; risk difference: 0.202; 
95% CI, 0.002-0.382; P = 0.046). In the PP population, the 
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observed difference was not statistically significant (41.4% 
[12/29]; 95% CI, 25.5%-59.3% in the LCP-tacrolimus 
group versus 64.3% [18/29]; 95% CI, 45.8%-79.3% in 
the ER-tacrolimus group; risk difference: 0.229; 95% CI, 
−0.051 to 0.467; P = 0.11).

In the ITT population, fewer LT recipients in the LCP-
tacrolimus group developed CKD, new-onset hypertension, 

and PTDM compared with the ER-tacrolimus group: CKD 
26.4% (14/53); 95% CI, 16.4%-39.6% versus 42.3% 
(22/52); 95% CI, 29.9%-55.8%; risk difference: 0.159; 95% 
CI, −0.035 to 0.339; P = 0.10 and new-onset hypertension 
38.1% (16/42); 95% CI, 24.9%-53.2% versus 54.3% (19/35); 
95% CI, 38.2%-69.5%; risk difference: 0.162; 95% CI, 
−0.076 to 0.379; P = 0.18 and PTDM 20% (8/40); 95% CI, 

TABLE 1.

Baseline characteristics

 ER-tacrolimus (n = 52) LCP-tacrolimus (n = 53) 

Recipient demographics at randomization
Age, y, median (IQR) 58.50 (46.75–65.25) 56.50 (46.25–63)
Gender, male, n (%) 41 (78.8) 35 (66)
Body mass index, kg/m2, mean ± SD 26.13 ± 5.28 25.82 ± 4.56
Ethnicity, n (%)
 � Caucasian 46 (88.5) 49 (92.5)
 � Othera 4 (7.6) 4 (7.5)
 � Unknown 2 (3.8) 1 (1.9)
Primary disease, n (%)
 � Hepatocellular carcinoma 19 (36.5) 12 (22.6)
 � (Non)alcoholic steatohepatitis 7 (13.5) 10 (18.9)
 � Primary sclerosing cholangitis 10 (19.2) 8 (15.1)
 � Acute liver failure 3 (5.8) 3 (5.7)
 � Cryptogenic cirrhosis 3 (5.8) 3 (5.7)
 � Metabolic diseases — 4 (7.5)
 � Viral hepatitis 3 (5.8) 3 (5.7)
 � Otherb 7 (13.5) 11 (20.8)
Hematology laboratory results
 � Hemoglobin, mmol/L, mean ± SD 6.3 ± 0.9 6.1 ± 0.8
 � Leucocytes, 109/L, mean ± SD 9.5 ± 4.8 9.5 ± 4.7
 � Platelets, 109/L, mean ± SD 263 ± 125 249 ± 122
 � INR, mean ± SD 1.6 ± 0.5 1.2 ± 0.3
 � Factor V, median (IQR) 1.71 (1.39–1.71) 1.47 (1.16–1.66)
Chemistry lab
 � Albumin, g/L, mean ± SD 32.9 ± 4.7 33.7 ± 4.2
 � Bilirubin, µmol/L, median (IQR) 19 (12.8–31.8) 19 (12.3–27.5)
 � Creatinine, µmol/L, mean ± SD 77 ± 26 82 ± 36
 � eGFR, mL/min/1.73 m2, mean ± SD 82 ± 18 79 ± 20
 � Cholesterol total, mmol/L, mean ± SD 3.65 ± 1.06 3.48 ± 0.95
 � LD lipoprotein, mmol/L, mean ± SD 1.96 ± 0.86 1.90 ± 0.86
 � Triglyceride, mmol/L, mean ± SD 2.08 ± 0.85 1.87 ± 0.74
 � Glucose, mmol/L, median (IQR) 6.65 (5.55–8.45) 7.15 (5.70–9.28)
 � HbA1c, mmol/mol, mean ± SD 35.3 ± 10.7 33.8 ± 6.4
Blood pressure
 � Diastolic, mm Hg, mean ± SD 77 ± 10 75 ± 11
 � Systolic, mm Hg, mean ± SD 130 ± 15 127 ± 17
 � Heart rate, beats per minute, mean ± SD 82 ± 14 84 ± 13
Tacrolimus trough blood level, µg/L, mean ± SD 6.94 ± 3.05 7.51 ± 3.29
Pharmacogenetics, n (%)
 � Normal CYP3A4 metabolism 33 (63.5) 36 (67.9)
 � Intermediar CYP3A4 metabolism 4 (7.7) 2 (3.8)
 � Unknown CYP3A4 metabolism 15 (28.8) 16 (30.2)
 � CYP3A5 expressor 9 (17.3) 7 (13.2)
 � CYP3A5 nonexpressor 28 (53.8) 31 (58.5)
 � Unknown CYP3A5 status 15 (28.8) 16 (30.2)
Recipient demographics pretransplantation
Pre-existing diabetes, yes, n (%) 11 (21.2) 13 (24.5)
Pre-existing hypertension, yes, n (%) 17 (32.7) 11 (20.8)
aOther includes Asian and Afro-American.
bOther includes primary biliary cirrhosis, secondary biliary cirrhosis, autoimmune cirrhosis, cholangiocarcinoma, Caroli disease, polycystic liver disease, and neuroendocrine tumor liver metastases.
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; eGFR, estimated glomerular filtration rate based on the CKD-EPI formula; ER, extended-release; INR, international normalized ratio; IQR, 
interquartile range; LCP, life cycle pharma.
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10.5%-34.8% versus 26.8% (11/41) 95% CI, 15.7%-41.9%; 
risk difference: 0.068; 95% CI, −0.133 to 0.262; P = 0.60.

In the PP population, less LT recipients in the LCP-
tacrolimus group developed CKD and new-onset hyperten-
sion compared with the ER-tacrolimus group: CKD 10.3% 
(3/29); 95% CI, 3.6%-26.4% versus 28.6% (8/28); 95% CI, 
15.3%-47.1%; risk difference: 0.182; 95% CI, −0.051 to 
0.399; P = 0.10 and new-onset hypertension 38.1% (8/21), 
95% CI, 20.8%-59.1% versus 52.2% (12/23); 95% CI, 
32.9%-70.7%; risk difference: 0.141; 95% CI, −0.173 to 
0.421; P = 0.38. No evidence was found for a difference in 
the development of PTDM between both groups: 13% (3/23); 
95% CI, 4.5%-32.1% versus 13% (3.23); 95% CI, 4.5%-
32.1%; risk difference: 0; 95% CI, −0.237 to 0.237; P = 1.

Sensitivity analyses for new-onset hypertension and PTDM 
showed similar event rates in both groups when LT recipients 
with pretransplant hypertension or diabetes were included in 
the analysis (and considered not to have new-onset disease) as 
well as when every LT recipients with hypertension or diabe-
tes was considered new-onset hypertension or PTDM.

Figure 3A and B visualizes the individual kidney function 
measurements, the observed means per group, and the esti-
mated group trajectories across the study period based on 
the linear mixed-effect model. The results of the models are 
shown in Table S1 (SDC, http://links.lww.com/TXD/A636). 
In the ITT and PP populations, after the transplantation, the 
mean eGFR gradually declined during the study period. No 
evidence for differences in the mean eGFR was found between 
the LCP-tacrolimus group compared with the ER-tacrolimus 
group during the study period. The linear mixed-effect models 
confirmed this.

In the PP population, the percentage of LT recipients 
having an eGFR <60 mL/min/1.73 m2 at 3 mo post-LT was 
15.4% (4/29) in the LCP-tacrolimus group and 25% (7/28) in 
the ER-tacrolimus group (P = 0.13), at 6 mo post-LT 17.2% 
(5/29) in the LCP-tacrolimus group and 25% (7/28) in the 
ER-tacrolimus group (P = 0.24) and at 12 mo post-LT 25% 
(7/29) in the LCP-tacrolimus group and 28.6% (8/28) in the 
ER-tacrolimus group (P = 0.68). At 3 mo, no LT recipients 
had an eGFR <30 mL/min/1.73 m2 and at 6 and 12 mo 1 LT 

FIGURE 1.  Enrollment, randomization, and follow-up. *Some LT recipients experiencing protocol deviations died or had a retransplantation. 
LCP, life cycle pharma; LT, liver transplantation.
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recipient in the LCP-tacrolimus group and 0 LT recipient in 
the ER-tacrolimus group had an eGFR <30 mL/min/1.73 m2.

Secondary Endpoints: Rejection, Graft, and Patient 
Survival

During the follow-up, no differences in the amount of rejec-
tion episodes between the study groups were found (Table 2). 
In the LCP-tacrolimus group, 6 LT recipients developed 7 
episodes of rejection and, in the ER-tacrolimus group, 5 LT 
recipients developed 5 episodes of rejection. Rejections were 
treated according to local protocols with corticosteroids and 
no antithymocyte globulin was used.

In the LCP-tacrolimus group, more LT recipients died or had 
a retransplantation compared with the ER-tacrolimus group: 
death 5.6% (3/54) versus 1.9% (1/52) and retransplantation 
7.4% (4/54) versus 1.9% (1/52). No death or retransplanta-
tion was considered study drug-related: 3 LT recipients died 
because of multiorgan failure, 1 died because of a traumatic 
intracranial hemorrhage, 4 LT recipients were retransplanted 
because of ischemic-type biliary lesions, and 1 LT recipient was 
retransplanted because of hepatic artery thrombosis.

Immunosuppression
During the study, the mean trough levels for tacrolimus 

were within the target range for both groups for the ITT and 
PP populations (Figure 3C and D). At the end of the study, 
in the ITT and PP populations, the mean tacrolimus trough 
levels in the LCP-tacrolimus group was statistically significant 
higher compared with the ER-tacrolimus group: ITT popula-
tion 7.6 ± 3.1 versus 6.3 ± 2.2 µg/L, P = 0.026 and PP popula-
tion 8.3 ± 3.1 versus 6.7 ± 2.1 µg/L, P = 0.033.

The median cumulative exposure to tacrolimus based on 
the area under the curve of trough concentrations was higher 
at month 12 for the LCP-tacrolimus group compared with 
the ER-tacrolimus group: ITT population 2697 µg∙d/L (IQR 
2316–2949) versus 2357 µg∙d/L (IQR 1946–2806); P = 0.018 
and PP population 2707 µg∙d/L (IQR 2383–2975) versus 
2612 µg∙d/L (IQR 2219–2976); P = 0.39. No differences were 
found in the cumulative exposure to tacrolimus at month 3.

At 6 and 12 mo, the intrapatient variability calculated 
with the coefficient of variation was not different between the 
groups (Figure S1, SDC, http://links.lww.com/TXD/A636).

Every LT recipient received 500 mg of methylprednisolone 
intraoperatively. The median number of days of prednisolone 

FIGURE 2.  LT recipients reaching the composite primary endpoint and developing chronic kidney disease, new-onset hypertension and new-
onset diabetes after transplantation. A, Intention-to-treat and (B) PP show the proportion of LT recipients with 95% CI reaching the composite 
primary endpoint and developing the separate components of the composite primary endpoint in the intention-to-treat population and PP 
population: CKD defined as grade ≥3 (eGFR <60 mL/min/1.73 m2) for >3 mo during the follow-up, new-onset hypertension and PTDM. In 
the ITT population the composite primary endpoint at 12 mo was reached in 50.9% (27/53); 95% CI, 37.9%-63.9% of the LT recipients in the 
LCP-tacrolimus group vs 71.2% (37/52); 95% CI, 57.7%-81.7% of the LT recipients in the ER-tacrolimus group; risk difference: 0.202; 95% CI, 
0.002-0.382; P = 0.046. In the PP population, the composite primary endpoint at 12 mo was reached in 41.4% (12/29); 95% CI, 25.5%-59.3% 
of the LT recipients in the LCP-tacrolimus group vs 64.3% (18/29), 95% CI, 45.8%-79.3% of the LT recipients in the ER-tacrolimus group; risk 
difference: 0.229; 95% CI, −0.051 to 0.467; P = 0.114. CI, confidence interval; CKD, chronic kidney disease; eGFR, estimated glomerular 
filtration rate; ER, extended-release; LCP, life cycle pharma; LT, liver transplantation; ns, nonsignificant; PP, per protocol; PTDM, posttransplant 
diabetes.
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FIGURE 3.  Kidney function and tacrolimus levels in the ITT and PP population. A, Individual eGFR trajectories (CKD-EPI formula) and group-
wise mean with 95% CI during the course of the study of the ITT population represented as solid lines. The dashed lines and shaded areas 
indicate the expected values and corresponding 95% CI from the generalized mixed-effect model (values for the covariates: tacrolimus trough 
levels, recipient age and sex, hypertension, diabetes were set to the population median or reference category). Random participant effects 
were included to account for repeated measurement nested within each participant. The shape of the association with the kidney function 
was investigated using natural cubic splines. Missing data were considered as missing completely at random. B, Individual eGFR trajectories 
(CKD-EPI formula) and group-wise mean with 95% CI during the course of the study of the PP population represented as solid lines. The 
dashed lines and shaded areas indicate the expected values and corresponding 95% CI from the generalized mixed-effect model (values for 
the covariates: tacrolimus trough levels, recipient age and sex, hypertension, diabetes were set to the population median or reference category). 
Random participant effects were included to account for repeated measurement nested within each participant. The shape of the association 
with the kidney function was investigated using natural cubic splines. Missing data were considered as missing completely at random. C, Mean 
tacrolimus trough level (µg/L) during the study of the ITT population. D, Mean tacrolimus trough level (µg/L) during the study of the PP population. 
CI, confidence interval; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; eGFR, estimated glomerular filtration rate; ITT, intention 
to treat; PP, per protocol.

TABLE 2.

Serious Adverse events according to the Medical Dictionary for Regulatory Activities

  ER-tacrolimus LCP-tacrolimus

No. patients with event (n = 51) No. events (n = 76) No. patients with event (n = 53) No. events (n = 84) 

Serious adverse events
 � Fevera 11 (22%) 23 (30.3%) 8 (15.1%) 14 (16.7%)
 � Cholangitis and bile duct obstruction 4 (7.8%) 6 (7.9%) 9 (17.0%) 10 (11.9%)
 � Infectionsb 6 (11.7%) 9 (11.8%) 6 (11.3%) 7 (8.3%)
 � Liver transplant rejection 5 (9.8%) 5 (6.6%) 6 (11.3%) 7 (8.3%)
 � Kidney injury/failure 3 (5.9%) 4 (5.3%) 4 (7.5%) 7 (8.3%)
 � Hepatic artery thrombosis — — 1 (1.9%) 1 (1.2%)
 � Other 22 (43.1%) 29 (38.2%) 19 (35.8%) 38 (45.2%)
Outcome
 � Death 1 (2.0%) — 3 (5.7%) —
 � Resolved—no sequelae 24 (47.1%) 62 (81.6%) 26.0 (49.1%) 63 (75.0%)
 � Resolved—with sequelae 26 (51.0%) 14 (18.4%) 24 (45.3%) 21 (25.0%)
aFever with an unspecified cause and no overlap with the SAEs for cholangitis or infections.
bInfections include every viral or bacterial infection occurred during the study period excluding cholangitis.
ER, extended-release; LCP, life cycle pharma; SAE, serious adverse event.
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after transplantation, the median cumulative dose and the 
median dose per day prednisolone during the study in both 
groups were not different. In the LCP-tacrolimus group, the 
number of days prednisolone was 146 d (IQR 114–180 d), 
the median cumulative dose prednisolone was 1030 mg (IQR 
830–1260) and the median dose per day prednisolone was 
7.1 mg/d (IQR 6.5–8). In the ER-tacrolimus group, the num-
ber of days of prednisolone was 151 d (IQR 117–175 d), the 
median cumulative dose prednisolone was 1095 mg (IQR 
865–1320) and the median dose per day prednisolone was 
7.2 mg/d (IQR 6.8–8). During the study, in the ER-tacrolimus 
group, 46.2% (24/52) of the LT recipients switched therapy 
because of toxicity (renal insufficiency or tremors) or rejec-
tion: 22 LT recipients to the combination of ER-tacrolimus 
and mycophenolic acid, 1 LT recipient to the combination 
of IR-tacrolimus and everolimus, and 1 LT recipients from 
ER-tacrolimus to LCP-tacrolimus. In the LCP-tacrolimus 
group, 40.4% (21/54) of the LT recipients switched therapy 
during the study because of toxicity (renal insufficiency or 
tremors), rejection or the recurrence of hepatocellular carci-
noma: 19 LT recipients to the combination of LCP-tacrolimus 
and mycophenolic acid and 2 LT recipients to LCP-tacrolimus 
and sirolimus. None of these patients was switched back dur-
ing the study period.

Safety
Table 2 shows the SAEs and the outcomes of the SAEs 

during the study period. In total, 160 SAEs were reported: 
47.5% (76/160) in the ER-tacrolimus group and 52.5% 
(84/160) in the LCP-tacrolimus group. SAEs most fre-
quently reported were fever 23.1% (37/160), cholangitis 
and bile duct obstruction 10% (16/160) and infections 10% 
(16/160).

DISCUSSION

In this randomized controlled study, it was observed that 
significantly less LT recipients in the LCP-tacrolimus group 
reached the composite primary endpoint at 12 mo compared 
with the ER-tacrolimus group at no increased costs in terms 
of efficacy or safety.

An important recommendation in the Consensus on 
Managing Modifiable Risk in Transplantation guideline is the 
frequent monitoring for unwanted side effects of immunosup-
pression, such as renal impairment, PTDM, obesity, arterial 
hypertension and hyperlipidemia.6 Therefore, we focused in 
this study on differences in clinically relevant outcomes for 
both long-acting tacrolimus formulations currently available.

In this study, the use of LCP-tacrolimus had a major posi-
tive impact on CNI-related nephrotoxicity. The use of LCP-
tacrolimus resulted in a 15.9%–18.2% reduction in the 
prevalence of CKD grade ≥3 (eGFR <60 mL/min/1.73 m2) for 
>3 mo post-LT. Furthermore, the prevalence of CKD grade ≥3 
at 3 and 6 mo post-LT was 15%–17% in the LCP-tacrolimus 
group, whereas in the ER-tacrolimus group in this study, as in 
previous studies, the prevalence ranged from 30% to 50%.11,12 
Interestingly, the mean eGFR during the whole study period 
was not different between both study groups. This is caused 
by the fact that when the eGFR of liver transplant recipients 
deteriorated most transplant physicians reduced the tacrolimus 
dose or switched the recipient to combination therapy of immu-
nosuppressive drugs. This resulted in an increase of the eGFR 

over time and by calculating the mean eGFR, information of 
liver transplant recipients with an eGFR below average is not 
shown anymore. Whereas by calculating the percentage of liver 
transplant recipients with CKD a more appropriate view on 
the development of CKD during the study period is available.

Another interesting finding is the fact that we found less 
new-onset hypertension in the LCP-tacrolimus group. After 
solid organ transplantation, immunosuppressive agents play 
a major role in the development of new-onset hypertension. 
Both tacrolimus and corticosteroids are associated with blood 
pressure elevation. Tacrolimus-induced hypertension has been 
related to increased sympathetic nervous system activity and 
increased peripheral vascular resistance, whereas corticosteroid- 
induced hypertension is related to sodium and water reten-
tion.27 In this study, corticosteroids have less contribution to the 
development of new-onset hypertension because the corticos-
teroids were lowered or discontinued within a median of 150 
d. Furthermore, no difference in the median number of days 
of prednisolone after transplantation, cumulative dose, and 
median dose/day prednisolone was found. Finally, based on 
the difference in the prevalence of pre-existing hypertension in 
both groups, we performed a sensitivity analysis. This analysis 
showed similar results when LT recipients with pretransplant 
hypertension were included in the analysis and when every LT 
recipients with hypertension in this study was analyzed as new-
onset hypertension. Therefore, the significantly reduced preva-
lence of new-onset hypertension in the LCP-tacrolimus group 
is suggested to be a result of the new drug delivery technology 
with a lower Cmax of this tacrolimus formulation.

Over the last decennia, the exposure to tacrolimus in LT 
recipients decreased with target trough levels declining from 
>10 µg/L to the current target range of 6–8 µg/L for 3–12 mo 
post-LT. Previous studies by Rodriguez-Perálvarez et al7,8 have 
shown that an increased cumulative exposure to tacrolimus 
for the years results in increased toxicity (eg, nephrotoxicity 
and the incidence of cancer). In this study, the mean tacroli-
mus trough level and the cumulative exposure to tacrolimus 
at month 12 were statistically significant higher in the LCP-
tacrolimus group compared with the ER-tacrolimus group. 
In line with a study by Del Bello et al,28 we found that the 
IPV in the LCP-tacrolimus group was not different compared 
with the ER-tacrolimus group. Conflicting results regarding 
the impact of a high IPV in tacrolimus exposure on the long-
term outcomes are available.24,29 Even though patients in the 
LCP-tacrolimus group had a higher cumulative exposure to 
tacrolimus, we found a statistically significant and clinically 
relevant reduction in the prevalence of the composite primary 
endpoint.

The development of LCP-tacrolimus was driven based 
on the large fluctuations in plasma concentration with the 
other tacrolimus formulations. It has been suggested that 
high tacrolimus peak concentrations (Cmax) following dosing 
may be associated with increased neurotoxicity.19 Preclinical 
studies investigating the mechanism behind the development 
of tacrolimus-related toxicity (eg, CKD, hypertension, dia-
betes, and neurotoxicity) in relation to peak concentrations 
are lacking. In this study, we did not evaluate the tacroli-
mus peak concentrations or actual exposure by measuring 
the area under the curve after ingestion. However, because 
the IPV in tacrolimus was comparable between the groups 
and the calculated cumulative exposure was higher for LCP-
tacrolimus, we believe that the lower LCP-tacrolimus peak 
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concentration is the factor that explains the more favora-
ble cardiovascular risk profile. Overall, the tacrolimus peak 
concentration and the cumulative exposure to tacrolimus 
over time are the factors associated with the development of 
tacrolimus-related toxicity. However, the exact mechanism 
behind the development of tacrolimus-related toxicity needs 
to be determined.

This is the first head-to-head comparison of the 2 long-
acting tacrolimus formulations available for the prevention 
of rejection after transplantation evaluating CNI-related 
nephrotoxicity or metabolic side effects. No other study 
showed a significant improvement in the cardiovascular risk 
profile with the use of LCP-tacrolimus. Most studies that have 
been performed focused either on the conversion of IR formu-
lation to LCP-tacrolimus, or investigated only pharmacoki-
netics, had a retrospective and short-term design or analyzed 
other primary endpoints (eg, death andgraft failure of biopsy-
proven acute rejection).15,30-32

This study has a major limitation, namely the fact that 
almost half of the LT recipients in both groups switched 
immunosuppressive therapy because of toxicity (renal insuf-
ficiency or tremors), rejection or the recurrence of HCC. 
Although a larger number of LT recipients was switched to 
another immunosuppressive regimen, mostly combination 
therapy, this could have introduced selection bias, compli-
cating the interpretation of the results. This type of selection 
bias has been addressed in several other studies investigat-
ing immunosuppressive drugs in transplant recipients.12,33,34 
Overall, the results in our ITT analysis might be underesti-
mating the actual effect of tacrolimus on the composite pri-
mary endpoint. Although the ITT and PP analysis needs to be 
cautiously interpreted, our results are consistent in the ITT 
and PP analysis. Because we studied 2 formulations of tac-
rolimus and not 2 different immunosuppressive regimens, the 
result is still relevant and reflects the daily clinical practice in 
transplant care.

Further research evaluating the long-term clinical side 
effects in a larger population and the effect on the quality of 
life is necessary to determine whether LCP-tacrolimus should 
be the preferred tacrolimus formulation after LT. Currently, 
the EnGraft-trial enrolling 268 patients is running to evalu-
ate the bioavailability, efficacy and safety of LCP-tacrolimus 
compared with ER-tacrolimus during a 3-y period. The results 
are awaited in the following years.35

In conclusion, a statistically significant and clinically relevant 
reduction in the prevalence of the composite primary endpoint 
was found in the LCP-tacrolimus group compared with the 
ER-tacrolimus group in the first year after LT with comparable 
efficacy. Furthermore, less LT recipients using LCP-tacrolimus 
develop CKD and new-onset hypertension compared with the 
ER-tacrolimus group in the first year after LT.
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