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Abstract
This study was a Phase II, open‐label, multicenter, single‐arm, cross‐over study com‐
paring the pharmacokinetics (PK) of tacrolimus in stable pediatric kidney, liver, or
heart allograft recipients converted from immediate‐release tacrolimus (IR‐T) to pro‐
longed‐release tacrolimus (PR‐T). In Days −30 to −1 of screening period, patients re‐
ceived their IR‐T‐based regimen; during Days 1‐7, patients received study IR‐T (same
dose as screening). On Day 7, the first 24‐hours PK profile was taken; patients were
then converted to PR‐T (1 mg:1 mg), with a second 24‐hours PK profile taken on Day
14. The primary end‐point was tacrolimus area under the blood concentration–time
curve over 24 hours (AUC24); secondary end‐points were maximum concentration

Abbreviations: AUC, area under the blood concentration–time curve; AUC24, area under the blood concentration–time curve over 24 hours; C24, concentration at 24 hours; CI, confidence
interval; Cmax, maximum concentration; HPLC/MS/MS, high‐performance liquid chromatography tandem mass‐spectrometry; LSM, least squares mean; MMF, mycophenolate mofetil;
PKAS, pharmacokinetics analysis set; PK, pharmacokinetics; SD, standard deviation; Tmax, time to maximum concentration.
ClinicalTrials.gov NCT01294020
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Cmaxand concentration at 24 hours C24. The predefined similarity interval for confi‐
dence intervals (CIs) of least squares mean (LSM) ratios was 80%‐125%. The PK analy‐
sis set comprised 74 pediatric transplant recipients (kidney, n = 45; liver, n = 28; heart,
n = 1). PR‐T:IR‐T LSM ratio (90% CI) was similar overall for AUC24, max, and C24, and for
kidney and liver recipients for AUC24 (LSM ratio, kidney 91.8%; liver 104.1%) and C24
(kidney 90.5%; liver 89.9%). Linear relationship was similar between AUC24 and C24,
and between PR‐T and IR‐T (rho 0.89 and 0.84, respectively), suggesting that stable
pediatric transplant recipients can be converted from IR‐T to PR‐T at the same total
daily dose, using the same therapeutic drug monitoring method.
KEYWORDS

heart transplantation, kidney transplantation, liver transplantation, pediatrics,
pharmacokinetics, tacrolimus

1 | I NTRO D U C TI O N

transplant patients, which suggested that the mean exposure to tac‐
rolimus over 24 hours (AUC24) was similar between prolonged‐ and

Following solid organ transplantation, tacrolimus‐based immuno‐

immediate‐release tacrolimus.16 Min et al reported data from 34

suppression is the most commonly used treatment regimen to pre‐

Korean pediatric renal transplant patients and showed that AUC24

vent allograft rejection.1 As tacrolimus has a narrow therapeutic

7 days after conversion was approximately 15% lower with pro‐

index, it is important that exposure to the drug is maintained within

longed‐ vs immediate‐release tacrolimus.17 However, following dose

a tightly defined range, as overexposure can cause drug‐related ad‐

adjustments during a further 2‐week period, tacrolimus exposure was

2

verse effects and toxicity, while underexposure is associated with
poor transplant outcomes.3,4 Oral bioavailability of tacrolimus exhib‐

similar between the formulations, with a comparable mean overall
dose.17 Additionally, in a study by Lapeyraque et al, data from 19 pe‐

its large interpatient variability5 and, therefore, the dose of tacroli‐

diatric kidney transplant patients suggested that the median tacroli‐

mus is optimized on the basis of maintaining the patients’ systemic

mus AUC24 was approximately 10% lower with the prolonged‐release

exposure within a narrow range. As the AUC for tacrolimus is signifi‐

vs the immediate‐release formulation.18 However, these were small‐

therapy is optimized on an individ‐

scale studies and warrant further research to confirm that stable

ual patient basis by monitoring tacrolimus trough concentrations as

pediatric transplant recipients can be safely converted from imme‐

a surrogate marker of AUC.

diate‐release to prolonged‐release tacrolimus at the same total daily

cantly associated with efficacy,

2,6

Available formulations of tacrolimus include twice‐daily, imme‐

dose. We therefore undertook the current larger study to compare

diate‐release capsules and once‐daily, prolonged‐release capsules.

the PK of tacrolimus before and after conversion from immediate‐

While immediate‐release tacrolimus is approved for the prophylaxis

to prolonged‐release tacrolimus in stable pediatric kidney, liver, and

of transplant rejection in adult and pediatric liver, kidney, and heart

heart allograft recipients.

allograft recipients,7 the prolonged‐release formulation is approved
for the prophylaxis of transplant rejection in adult liver and kidney
allograft recipients only. Evidence suggests that converting patients
from immediate‐ to prolonged‐release tacrolimus maintenance im‐
munosuppression can increase treatment adherence and reduce
intrapatient variability in tacrolimus exposure, 8-10 which could po‐
tentially improve long‐term transplant outcomes.

2 | PATI E NT S A N D M E TH O DS
2.1 | Study design
This was a 6‐week, Phase II, open‐label, multicenter, single‐arm,
one‐way, cross‐over study that compared the PK of tacrolimus

3,11

Extensive clinical experience suggests that stable adult trans‐
plant recipients can be safely converted from immediate‐ to pro‐

in stable pediatric transplant recipients converted from an im‐
mediate‐release tacrolimus‐ (Prograf ®, Astellas Pharma Ltd,

12-15

Chertsey, UK) to a prolonged‐release tacrolimus‐based regimen

However, after conversion, trough concentrations of tacrolimus

(Advagraf ®, Astellas Pharma Europe BV, Netherlands). Patients

should be monitored, and the dose adjusted as required to ensure

were enrolled from 14 centers in seven countries across Europe

longed‐release tacrolimus on a 1 mg:1 mg total daily dose basis.

that adequate exposure to tacrolimus is maintained.
Currently, clinical experience with prolonged‐release tacrolimus

between June 2011 and October 2015 (ClinicalTrials.gov identi‐
fier: NCT01294020).

in pediatric patients is limited. In the pediatric studies reported to

The study was conducted in accordance with Good Clinical Practice,

date, patients were converted on a 1 mg:1 mg basis. Heffron et al

International Council on Harmonisation guidelines, and the Declaration

reported data from a study performed in 18 stable pediatric liver

of Helsinki. The respective Ethics Committees of each contributing

|
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center approved the study protocol. Prior to study commencement,
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7 (immediate‐release tacrolimus) and on Day 14 (prolonged‐release

written informed consent was obtained from all individual participants

tacrolimus). On Day 7, 12‐hour blood sampling commenced before

included in the study (if appropriately aged to provide consent) or their

the evening dose of immediate‐release tacrolimus.

guardian. Patients could withdraw from the study at any time.

As described previously,12 2 mL aliquots of blood were mixed
with ethylenediaminetetraacetic acid and frozen at −20°C within

2.2 | Patients

2 hours of collection. Samples were stored until shipment to the
central laboratory for bioanalysis. Tacrolimus concentrations were

Patients were included if they were aged ≥5 and ≤16 years, able to

then measured using a validated (HPLC/MS/MS) assay (lower limit

swallow intact drug capsules, had received a heart, liver, or kidney

of quantification, 0.059 ng/mL), based on the methodology by Alak

transplant ≥6 months before the study, were maintained on an im‐

et al19 Study samples, whole‐blood calibrators, and quality‐control

mediate‐release tacrolimus‐based immunosuppressive regimen for

samples were thawed, and 1 mL aliquots were taken. Internal stan‐

≥3 months, and were clinically stable in the opinion of the investiga‐

dard (tacrolimus analog FR900520; 20 μL, 50 ng/mL) was added

tor. Patients included were required to have had stable whole‐blood

and mixed. Aliquots were extracted by protein precipitation and

tacrolimus trough levels between 3.5 and 15.0 ng/mL, measured on

solid‐phase extraction using C18 200 mg/3 mL cartridges. Elutes

at least two separate occasions, ≥6 days apart, and within 30 days of

were then evaporated to dryness under a stream of nitrogen at

study commencement.

40°C, and residues were redissolved in a 50:50 mix (vol/vol) of

Key exclusion criteria were multiple organ transplantation,

acetonitrile and water, mixed, and centrifuged. Following this pro‐

and any rejection episode either <3 months before the study, or

cess, samples were submitted for HPLC/MS/MS.12 The between‐

<6 months before the study if antibody therapy was required.

day and within‐day precision of the assay at concentrations of 0.3,

Patients could not be receiving sirolimus, everolimus, or formula‐

4.0, and 8.0 ng/mL was <5.0% coefficient of variation.19 All proce‐

tions of mycophenolic acid (other than MMF). While generic formu‐

dures were performed in compliance with the principles of Good

lations of MMF were not excluded, they were not used by any of the

Laboratory Practice.

participating centers. Patients were also excluded if they required

The primary end‐point was the AUC 24 of tacrolimus on Days

treatment with medications known to inhibit or induce tacrolimus

7 and 14. Secondary end‐points were maximum tacrolimus con‐

metabolism during, or within 28 days prior to, the study.

centration (Cmax ), time to Cmax (Tmax ), and tacrolimus C 24, on Days
7 and 14.

2.3 | Study treatment

Other end‐points included tacrolimus dose and trough lev‐
els, and the proportion of patients within the recommended

All eligible patients entered a 30‐day screening period (Day −30 to

whole‐blood tacrolimus trough range (3.5‐15.0 ng/mL) on Days

Day −1) during which they continued to receive their immediate‐

7 and 14.

release tacrolimus‐based regimen. On Days 1‐7, patients received
twice‐daily, immediate‐release tacrolimus capsules, orally, as study
medication, at the same dose as received during the screening
period. A 24‐hour PK profile was taken on Day 7 (ending predose

2.5 | Statistical analyses and sample size calculation
Sample size was calculated using a significance level of p = 0.05, as‐

on Day 8). Following completion of the PK profile, all eligible pa‐

suming a steady‐state AUC24 ratio of geometric LSM of 0.9, and a

tients were converted from immediate‐release tacrolimus to a sin‐

SD; log scale of 0.18, irrespective of the organ transplanted and age

gle morning dose of once‐daily, prolonged‐release tacrolimus on a

group. Using these parameters, 72 patients with two complete PK

1 mg:1 mg total daily dose basis, with no rounding of doses. The

profiles provided 97% power to assess similarity of exposure. This

dose of prolonged‐release tacrolimus was maintained until Day 14

was based on a two‐sided 90% CI for the ratio of geometric LSM,

(the day of the second 24‐hour PK profile, which ended predose on

and a similarity interval of 80%‐125%.

Day 15). Dose adjustments of tacrolimus were not permitted during
the study, until after the Day 14 PK profile had been taken.

The PKAS included all patients who received at least one dose of
study medication and provided two complete PK profiles. Analyses

Patients could continue to receive steroids, azathioprine, or

were stratified by treatment and transplanted organ type (kidney,

MMF throughout the study period, at constant dose, if they had

liver, or heart). To estimate the PK parameters, standard non‐compart‐

been taking these treatments before enrollment.

mental methods were used. AUC24 was calculated using the linear‐log
trapezoidal rule. AUC24, Cmax, and C24 were compared between pro‐

2.4 | Pharmacokinetic profiles assessment
For the PK analysis, the first blood sample was taken after a fasting

longed‐ and immediate‐release formulations using a mixed‐effects
model on log‐transformed PK parameters, with treatment and organ
transplanted included as fixed effects, age at baseline as a continuous

period of at least 6 hours, before study drug administration. Patients

covariate, and patient as a random effect. The difference of LSM of log‐

were not fasted during the 24‐hour PK sampling period. Whole‐

transformed PK parameters between formulations, and its 90% CI, was

blood samples were collected before the morning dose (0 hours),

back‐transformed to the raw scale and was expressed as percentages.

and 1, 2, 4, 6, 12, 13, 14, 16, 18, and 24 hours post‐dose on Day

If the 90% CI for the ratio of geometric LSM was within the predefined
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Assessed for eligibility (N=113)

Enrolled (N=81)
• Kidney transplant (n=48)
• Liver transplant (n=31)
• Heart transplant (n=2)

Included in the PKAS (N=74)
• Kidney transplant (n=45)
• Liver transplant (n=28)
• Heart transplant (n=1)

RUBIK et al.

Excluded (N=32)
• Not meeting inclusion criteria
(n=23)
• Withdrawal (n=4)
• Lost to follow up (n=3)
• Untoward medical symptoms (n=1)
• Other (n=1)
Excluded from the PKASa (N=7)
• Kidney transplant (n=3)
- Change in study drug (n=1)
- Receiving an excluded
medication (n=1)
- Protocol deviation (n=1)
- Missing PK sample (n=1)
• Liver transplant (n=3)
- Did not receive prolongedrelease tacrolimus (n=2)
- Did not provide two PK profiles
(n=2)
- Change in study drug (n=2)
- Missing sampling time (n=1)
• Heart transplant (n=1)
- PK sample at wrong time (n=1)

F I G U R E 1 Patient flow through
the study. aMore than one reason
for exclusion can apply to a patient.
PK, pharmacokinetics; PKAS,
pharmacokinetics analysis set

similarity interval of 80%‐125%, then the PK parameter was consid‐

prolonged‐release tacrolimus on a 1 mg:1 mg total daily dose basis.

ered to be similar between tacrolimus formulations. Treatment‐by‐age

Therefore, the mean ± SD tacrolimus daily dose (mg) was the same

and treatment‐by‐organ‐transplant interactions were assessed for PK

with immediate‐release tacrolimus on Day 7 and prolonged‐release

parameters using a mixed‐effects model, with interactions deemed

tacrolimus on Day 14 (7.99 ± 4.94, 8.67 ± 5.66, 6.96 ± 3.42, and 6.00

significant at an associated p value ≤0.10.

(no SD) overall, and for kidney, liver, and heart recipients, respec‐

For both treatments, the correlation between C24 and AUC24 was

tively). The mean ± SD weight‐adjusted tacrolimus daily doses (mg/

assessed using regression analysis, and by calculating the Pearson cor‐

kg) were also similar with immediate‐ and prolonged‐release tacroli‐

relation coefficient (rho). The correlation was classified as “strong” if it

mus on Days 7 and 14, respectively, for the overall PKAS, and by

was greater than 0.7, and “moderate” if between 0.3 and 0.7 inclusive;

organ transplanted (Figure 2A).

below 0.3, the correlation was deemed “weak.” SAS® Version 9.3 or

The mean ± SD tacrolimus trough levels were slightly lower with

higher was used for all data processing, summarization, and analyses.

prolonged‐release tacrolimus on Day 14 compared with immediate‐
release tacrolimus on Day 7 (Figure 2B). Mean tacrolimus trough lev‐

3 | R E S U LT S
3.1 | Study population
Of 113 screened patients, 81 were enrolled and received study medi‐

els were approximately 20% lower in liver than in kidney recipients,
irrespective of tacrolimus formulation. As data are available for only
one patient, the higher tacrolimus trough level observed in the heart
recipient (8.1 and 8.3 ng/mL on Days 7 and 14, respectively) vs other
organ types cannot be interpreted.

cation, of whom 74 (kidney, n = 45; liver, n = 28; heart, n = 1) were

Tacrolimus trough levels from routine monitoring were gener‐

included in the PKAS (Figure 1). Patient baseline demographics and

ally within target range on Day 7 for liver and kidney transplant

characteristics are presented in Table 1; due to the small patient num‐

patients receiving immediate‐release tacrolimus (95.6% and 89.3%

bers, statistical comparisons between organ types were not performed.

of patients, respectively); 2.2% and 3.6% of patients, respectively,

In the overall PKAS, over half of patients (59.5%) were male, and the

were below the target range. Following conversion to prolonged‐

mean ± SD age was 11.5 ± 2.8 years (range 5‐16 years). Overall, 43.2%

release tacrolimus, there was an increase in the proportion of

of patients were children (aged ≥5 to ≤11 years) and 56.8% were ado‐

kidney and liver patients with trough tacrolimus levels below the

lescents (aged ≥12 to ≤16 years). The mean ± SD height and weight

target range on Day 14 (8.9% and 28.6% below target, respec‐

were 144.4 ± 17.8 cm and 41.8 ± 15.6 kg, respectively, but there was

tively). No patients were above the target range with either for‐

wide variation, due to the age range of the patients.

mulation on Days 7 and 14.

3.2 | Dosage and trough levels

3.3 | Tacrolimus blood concentration–time profile

As per protocol, patients included in the PKAS did not have

The mean whole‐blood concentration–time curve of tacrolimus

dose adjustments, and all were converted from immediate‐ to

for the 24 hours after administration of the two formulations is

|
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TA B L E 1 Patient baseline
demographics and characteristics for the
overall population and stratified by organ
type (PKAS)
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Kidney
transplant
(n = 45)

Liver transplant
(n = 28)

Heart
transplant
(n = 1)

Overall
(n = 74)

Mean ± SDa

10.8 ± 2.9

12.5 ± 2.2

13.0

11.5 ± 2.8

Median

11.0

13.0

–

12.0

Minimum, maximum

5, 16

7, 16

–

5, 16

≥5 to ≤11 y (children)

24 (53.3)

8 (28.6)

0

32 (43.2)

≥12 to ≤16 y
(adolescents)

21 (46.7)

20 (71.4)

1 (100.0)

42 (56.8)

Gender, male, n (%)

28 (62.2)

15 (53.6)

1 (100.0)

44 (59.5)

White

42 (93.3)

23 (82.1)

1 (100.0)

66 (89.2)

Black/African
American

0 (0)

1 (3.6)

0

1 (1.4)

Asian

2 (4.4)

0

0

2 (2.7)

Other

1 (2.2)

4 (14.3)

0

5 (6.8)

Mean ± SDa

38.7 ± 17.5

46.1 ± 10.5

62.0

41.8 ± 15.6

Median

35.0

47.7

–

40.3

Minimum, maximum

17, 109

29, 66

–

17, 109

Mean ± SDa

138.1 ± 18.1

153.8 ± 12.3

164.5

144.4 ± 17.8

Median

137.4

155.2

–

146.0

Minimum, maximum

103, 181

130, 174

–

103, 181

Parameter
Age, y

Age category, n (%)

Race, n (%)

Weight, kg

Height, cm

Note. due to rounding errors, percentages may not add up to 100%.
SD and median are not reported for heart transplant, as n = 1. PKAS, pharmacokinetics analysis set;
SD, standard deviation.
a

presented for the overall PKAS in Figure 3. As the immediate‐re‐

The 90% CIs of the geometric LSM ratio for C24 were within the

lease formulation is administered twice daily, the concentration–

similarity interval for the overall PKAS, and when stratified by the

time profile was biphasic, with a second concentration peak at

organ transplanted (kidney or liver). Geometric LSM ratios for pro‐

approximately 14 hours, which was about 2 hours after the second

longed‐release:immediate‐release tacrolimus (90% CI) were 90.4%

dose.

(85.0%, 96.1%), 90.5% (83.5%, 98.0%), and 89.9% (81.2%, 99.4%),
respectively (Table 2). No interaction was observed between treat‐

3.4 | Pharmacokinetic parameters

ment and transplanted organ for tacrolimus C24 (p = 0.929).
With both the prolonged‐release and immediate‐release formu‐

Overall, the tacrolimus AUC 24 was comparable for prolonged‐ and

lations, the linear relationships between tacrolimus AUC24 and C24

immediate‐release formulations (169.5 and 175.4 ng·h/mL, respec‐

were similar, with a strong positive correlation (Figure 4), irrespective

tively). The geometric LSM ratio for prolonged‐release:immediate‐

of organ type. For the overall population, the Pearson correlation co‐

release tacrolimus was 96.7%, and the 90% CI (92.3%, 101.2%)

efficients were comparable with prolonged‐ and immediate‐release

was within the predefined similarity interval (Table 2). As expected

tacrolimus (0.89 and 0.84, respectively). This was also true for kid‐

based on clinical practice, the mean exposure was higher in kidney

ney (0.89 and 0.90, respectively) and liver recipients (0.83 and 0.77).

than in liver transplant patients (p = 0.026). Nevertheless, tacroli‐

In the overall population, the geometric LSM for Cmax was ap‐

mus systemic exposure was similar between formulations in both

proximately 11 ng/mL with both formulations. The prolonged‐re‐

kidney and liver recipients (geometric LSM ratios (90% CI): 91.8%

lease:immediate‐release tacrolimus geometric LSM ratio (90% CI)

(86.6%, 97.2%) and 104.1% (96.8%, 111.9%), respectively). As only

was 94% (87.1%, 100.8%), and the 90% CI was within the predefined

one heart recipient was included in the PKAS, statistical assess‐

similarity interval (Table 2). When stratified by organ transplant, the

ment regarding the similarity of tacrolimus formulations was pre‐

Cmax geometric LSM ratio 90% CI was within the predefined similarity

cluded for this organ type.

interval for liver recipients, but the lower limit fell outside the range for
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Prolonged-release tacrolimus (n=74)
Immediate-release tacrolimus (n=74)

16

0.35
0.30
0.25
0.20
0.15
0.10

14
12
10
8
6
4
2

0.05
0.00

0.197

0.196

0.229

Overall
(n=73)

(B)
Mean ±SD tacrolimus trough levels (ng/mL)

18

Day 14, prolonged-release tacrolimus
Day 7, immediate-release tacrolimus

0.40

Mean ±SD tacrolimus
concentration (ng/mL)

Mean ±SD tacrolimus dose (mg/kg)

(A)

|

0.227

0.151

Kidney
(n=44)

0.150

Liver
(n=28)

Day 14, prolonged-release tacrolimus
Day 7, immediate-release tacrolimus

8.0

0

0

2

4

6

8

10

12

14

16

18

20

22

24

Time (hours)

F I G U R E 3 Mean whole‐blood concentration of tacrolimus
for the overall PKAS (linear plot). n = 73 at 13, 14, and 18 h
after prolonged‐release tacrolimus administration, and at 1 and
13 h after immediate‐release tacrolimus administration as the
sample was not taken. The missing sample was not considered to
affect the estimation of PK data. PK, pharmacokinetics; PKAS,
pharmacokinetics analysis set; SD, standard deviation

7.0
6.0
5.0
4.0
3.0
2.0

(AUC24) for prolonged‐release tacrolimus is similar, under steady‐state

1.0
0.0

5.2

4.7

Overall
(n=74)

5.6

5.1

4.6

Kidney
(n=45)

4.0
Liver
(n=28)

F I G U R E 2 Mean tacrolimus (A) daily dose and (B) trough levels
at Day 7 (immediate‐release formulation) and Day 14 (prolonged‐
release formulation) for the overall population, and split by organ
type (PKAS). Tacrolimus dose was adjusted for the body weight
at the time of dosing; weight‐adjusted dosing data are missing for
one kidney transplant patient. The single heart transplant patient is
included in the overall population. PKAS, pharmacokinetics analysis
set; SD, standard deviation

conditions (after 7 days on unchanged dose), to that for immediate‐re‐
lease tacrolimus. There is also a strong correlation between AUC24 and
C24 for both formulations during steady state.
In this study, the linear relationship between tacrolimus trough
concentration (C24) and systemic exposure (AUC24) was comparable
for prolonged‐ and immediate‐release tacrolimus (rho 0.89 and 0.84,
respectively). Furthermore, the relationship was strong, irrespective
of organ type. These findings are consistent with previous PK stud‐
ies of adult and pediatric patients,12-14,16,17 for example, a strong and
similar, positive correlation between C24 and AUC24 with prolonged‐
and immediate‐release tacrolimus (rho 0.90 and 0.94, respectively)
in pediatric liver transplant patients.16 Targeting the same trough

kidney transplant patients (Table 2). There was a significant interaction
between treatment and organ transplanted, indicating that Cmax dif‐
fered between recipients of different organs (p = 0.003).
Overall, mean Tmax was numerically longer with prolonged‐ vs im‐

levels with both formulations should, therefore, provide comparable
steady‐state exposure to tacrolimus in stable pediatric transplant
patients, converted from immediate‐ to prolonged‐release tacroli‐
mus on a 1 mg:1 mg total daily dose basis. Importantly, these data

mediate‐release tacrolimus (mean ± SD 2.9 ± 3.6 vs 1.7 ± 1.1 hours,

also suggest that the same therapeutic drug monitoring approach

respectively). A similar pattern was observed in kidney and liver al‐

can be used with both formulations.

lograft recipients (Table 3).

The observed mean Cmax was similar with both tacrolimus for‐
mulations in the overall PKAS and in the liver recipients in this study.
For AUC24 and Cmax, we observed a significant interaction between

4 | D I S CU S S I O N

treatment and transplanted organ type. The significance of these

While PK studies of stable pediatric patients converted from immedi‐

ence in exposure between immediate‐ and prolonged‐release tac‐

ate‐ to prolonged‐release tacrolimus have been published,16-18 to our

rolimus, including age, concomitant medications, and genotype (e.g,

knowledge, this is the largest and most robust study to date. The study

cytochrome P450 3A5 polymorphisms). 20,21 However, as described

interactions is uncertain. Many factors may contribute to a differ‐

was designed to have a power of 97% to assess similarity of tacrolimus

above, the relationship between C24 and AUC24 is similar for both

exposure between the formulations, based on a two‐sided 90% CI for

formulations; therefore, the same trough levels can be targeted.

the ratio of geometric LSM and a similarity interval of 80%‐125%. We

We also observed that the mean Tmax was longer in patients

report that, in a population of stable pediatric kidney, liver, and heart

receiving prolonged‐release tacrolimus than in those receiving the

transplant patients converted from immediate‐ to prolonged‐release

immediate‐release formulation (3 hours vs 2 hours, respectively),

tacrolimus (1 mg:1 mg), the mean systemic exposure to tacrolimus

irrespective of transplanted organ type. This was expected, as the
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TA B L E 2 Statistical comparison of PK parameters between prolonged‐ and immediate‐release tacrolimus for the overall population and
stratified by organ type (PKAS)
Organ type

Parameter

Geometric LSM for prolonged‐
release tacrolimus

Geometric LSM for immediate‐
release tacrolimus

LSM ratio

90% CI of ratio

Overall (n = 74)

AUC24 (ng·h/mL)

169.52

175.37

96.66

92.31, 101.22

Cmax (ng/mL)

11.18

11.94

93.69

87.07, 100.81

C24 (ng/mL)

5.18

5.74

90.39

85.00, 96.13

169.00

184.19

91.75

86.64, 97.16

11.79

14.05

83.89

77.02, 91.36

AUC24 (ng·h/mL)

Kidney (n = 45)

Cmax (ng/mL)
C24 (ng/mL)
AUC24 (ng·h/mL)

Liver (n = 28)

4.93

5.44

90.48

83.53, 98.01

129.70

124.63

104.07

96.78, 111.91

Cmax (ng/mL)

9.74

9.01

108.09

C24 (ng/mL)

3.76

4.18

89.86

97.01, 120.44
81.20, 99.44

Note. AUC24, concentration–time curve over 24 h; C24, concentration at 24 h; CI, confidence interval; Cmax, maximum concentration; LSM, least squares
mean; PK, pharmacokinetics; PKAS, pharmacokinetics analysis set.

prolonged‐release formulation has an extended oral absorption pro‐

Consistent with the study design, the mean daily dose (mg/kg)

file for tacrolimus, throughout the gastrointestinal tract, compared

of tacrolimus was similar pre‐ and post‐conversion from immediate‐

with the immediate‐release formulation of tacrolimus. 22,23

to prolonged‐release tacrolimus. Systemic exposure to tacrolimus
was numerically higher in kidney recipients than in liver recipients.
This is not surprising as, in clinical practice, liver transplant patients

Tacrolimus AUC24 (ng·h/mL)

500

tend to be maintained with lower exposure than kidney transplant

Prolonged-release tacrolimus (n=74), rho=0.89
AUC24 = 28.03 + 28.16*C24
Immediate-release tacrolimus (n=74), rho=0.84
AUC24 = 45.46 + 23.20*C24

400

recipients. In the overall PKAS, exposure to tacrolimus was slightly
lower following prolonged‐release tacrolimus administration (as
indicated by prolonged‐release:immediate‐release tacrolimus geo‐
metric LSM ratios of 90.39% for AUC24 and 96.66% for C24); this

300

has been observed in previous studies in adult transplant patients.
Across five studies of stable adult patients converted from immedi‐

200

ate‐ to prolonged‐release tacrolimus, the mean systemic exposure
100

to tacrolimus (AUC24) for the prolonged‐release formulation was ap‐

0

ate‐release tacrolimus.8,12-15 A recent head‐to‐head PK study found

proximately 10% lower (mean from 3% to 13%) than that for immedi‐
0

2

4

6

8

10

12

14

that a conversion factor of +8% was required to obtain similar tac‐
rolimus exposure, when converting stable kidney transplant patients

Tacrolimus C24 (ng/mL)

F I G U R E 4 Linear scatter plot of tacrolimus AUC24 vs C24 for
the overall PKAS, after administration of the immediate‐release
and prolonged‐release formulation. AUC24, area under the
concentration–time curve over 24 h; C24, concentration at 24 h;
PKAS, pharmacokinetics analysis set

TA B L E 3 Tmax with prolonged‐ and
immediate‐release tacrolimus for the
overall population and stratified by organ
type (PKAS)

from immediate‐ to prolonged‐release tacrolimus. 24 Despite these
findings, encouragingly, others have demonstrated the clinical effi‐
cacy and safety of the prolonged‐release formulation following con‐
version from immediate‐release formulation in pediatric transplant
recipients. For example, in several studies of stable pediatric liver

Tmax, h
Prolonged‐release tacrolimus

Immediate‐release tacrolimus

Population

Mean ±SDa

Median (minimum,
maximum)

Mean ± SD

Median (mini‐
mum, maximum)

Overall (n = 74)

2.92 ± 3.58

1.98 (0.92, 24.0)

1.71 ± 1.11

1.06 (0.90, 6.00)

Kidney (n = 45)

2.60 ± 2.73

1.97 (0.92, 13.0)

1.64 ± 1.24

1.00 (0.95, 6.00)

Liver (n = 28)

3.39 ± 4.69

2.00 (0.98, 24.0)

1.75 ± 0.79

1.96 (0.90, 4.00)

Note. SD and median are not reported for heart transplant, as n = 1.
PKAS, pharmacokinetics analysis set; SD, standard deviation; Tmax, time to maximum
concentration.
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and kidney recipients, no cases of biopsy‐confirmed acute rejection,

in the development of this manuscript was provided by Cello Health

graft losses, or patient deaths were reported up to 1 year after con‐

MedErgy, funded by Astellas Pharma, Inc.

version from immediate‐ to prolonged‐release tacrolimus.16,25,26
In this study, only pediatric patients aged ≥5 years were included,
as participants needed to be capable of swallowing intact capsules.
Given that tacrolimus clearance is reportedly higher in children aged
<5 years,

27

a once‐daily formulation would not be appropriate in pe‐

diatric patients <5 years old. The results of this study are, therefore,
not applicable to younger patients.
In conclusion, we report data from the largest PK study of pe‐
diatric solid organ recipients converted from immediate‐ to pro‐
longed‐release tacrolimus. Compared with other PK trials to date in
this patient population, our study has the greatest statistical power
to assess similarity of tacrolimus exposure between immediate‐ and
prolonged‐release formulations. In this study, AUC24 and C24 were
within the predefined similarity intervals for these formulations, and
the C24:AUC24 relationship was similar between prolonged‐and im‐
mediate‐release tacrolimus. This indicates that targeting the same
trough levels should provide comparable steady‐state tacrolimus
exposure, in pediatric solid organ recipients converted from twice‐
daily, immediate‐release to once‐daily, prolonged‐release tacrolimus
on a 1 mg:1 mg total daily dose basis. The same therapeutic drug
monitoring approach may be used with both formulations.
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