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 Background: A previous phase 3 clinical trial in de novo adult kidney transplant recipients (NCT01187953) compared the 
efficacy and safety of once-daily LCP-tacrolimus (LCPT) and twice-daily immediate-release tacrolimus (IR-Tac). 
However, whether the rate of tacrolimus metabolism affects outcomes between LCPT and IR-Tac was not 
examined.

 Material/Methods: Patients were initiated on 0.17 mg/kg/day LCPT or 0.1 mg/kg/day IR-Tac, with doses adjusted over time to 
maintain target therapeutic trough concentrations. This post hoc analysis examined dosing trends, relative ef-
ficacy, and safety of LCPT (n=247) and IR-Tac (n=249) in slow, intermediate, and rapid metabolizers as defined 
by concentration/dose ratios at day 30.

 Results: For all metabolizer subgroups, minimum target tacrolimus trough concentrations were obtained more rap-
idly with LCPT than with IR-Tac. Slow metabolizers were more likely to exceed target trough concentrations 
with LCPT, while rapid metabolizers were more likely to fall below target trough concentrations with IR-Tac. 
Regardless of metabolizer status, significant differences were not detected between LCPT and IR-Tac for treat-
ment failure, death, graft failure, biopsy-proven acute rejection, estimated glomerular filtration rate, or other 
clinical outcomes.

 Conclusions: Although within metabolizer subgroups, attainment of target trough concentrations in the first week differed 
between LCPT and IR-Tac, these results suggest that, regardless of metabolizer phenotype, clinical outcomes 
do not differ between these formulations when dose adjustments are made.

  Clinical trial registration: https://clinicaltrials.gov/ct2/show/NCT01187953
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Background

For the last 2 decades, tacrolimus has been the predominant 
calcineurin inhibitor used to prevent graft rejection and is pre-
scribed in approximately 90% of adult kidney transplant re-
cipients [1,2]. Although highly effective, tacrolimus has a nar-
row therapeutic window [3]. Overexposure can increase the 
risk of toxicities, such as new-onset diabetes, hypertension, 
and renal toxicity, whereas underexposure can lead to acute 
graft rejection [3–5].

The risk of acute nephrotoxicity increases as the trough con-
centration of tacrolimus rises [6], but nephrotoxicity has been 
reported even when the targeted maintenance trough concen-
trations were at the low end of the therapeutic range [7,8]. 
It has been proposed that nephrotoxicity might instead be re-
lated to elevated peak concentrations [9]. At the same time, 
low trough concentrations of tacrolimus can lead to the pro-
duction of de novo donor-specific antibodies [10,11]. Dosing of 
tacrolimus is further complicated by intra- and inter-individual 
variability in tacrolimus pharmacokinetics [12,13].

Tacrolimus metabolism is influenced by many factors, including 
genetics, demographics, and comorbidities [6,14,15]. Tacrolimus 
is metabolized primarily by cytochrome P450 3A5 and, to a 
lesser extent, by CYP450 3A4, and genetic polymorphisms of 
these isoenzymes affect the dose of tacrolimus required to 
achieve therapeutic concentrations [16,17]. Individuals who 
carry the CYP3A5*1 allele require higher doses of tacrolim-
us to attain therapeutic trough concentrations, which may 
expose them to higher peak concentrations [18]. For exam-
ple, following administration of immediate-release tacrolimus 
(IR-Tac), peak concentrations of tacrolimus were 33% high-
er in African Americans carrying the CYP3A5*1 allele than in 
those not carrying it.

Although polymorphisms of the CYP3A5 gene are important, 
they may account for less than half of the variability in the re-
quired tacrolimus dose, especially in the white population [19]. 
Identifying polymorphisms requires genetic testing, which is 
often impractical. In addition, adapting the tacrolimus dose 
based on CYP3A5 genotype has not been proven to improve 
outcomes in kidney transplantation; therefore, it has not found 
its way into clinical practice [20]. Because of the limitations 
of genetic testing and the difficulty of predicting metabolism 
based on patient characteristics, a convenient surrogate mark-
er for tacrolimus metabolism is needed.

The tacrolimus blood concentration/dose (C/D) ratio is a po-
tential surrogate marker for tacrolimus metabolism. The C/D 
ratio has been used to predict the rate of tacrolimus metabo-
lism and can account for factors beyond polymorphisms [21]. 
In retrospective studies, renal transplant recipients identified 

as rapid metabolizers of tacrolimus by their C/D ratio had de-
creased rates of patient and overall graft survival, increased 
rates of rejection, more rapid decline in estimated glomerular 
filtration rate (eGFR), and increased rates of calcineurin inhib-
itor nephrotoxicity and BK nephropathy than those identified 
as slow metabolizers [21–23]. Similarly, a case-control study 
showed that renal transplant recipients with BK viremia had 
lower C/D ratios than controls, suggesting that faster metab-
olism of tacrolimus is associated with a higher risk of BK vire-
mia [24]. However, a causal link between C/D ratio and clini-
cal outcomes has not yet been established.

A once-daily MeltDose tablet formulation of tacrolimus, LCP-
Tacrolimus (LCPT; Veloxis), is licensed in the United States 
(trade name Envarsus XR®) for prophylaxis of organ rejection 
in kidney transplant patients [25] and in Europe (trade name 
Envarsus®) [26] and Canada (trade name Envarsus PA®) [27] 
for prophylaxis of transplant rejection in adult kidney or liver 
allograft recipients. LCPT provides greater bioavailability than 
both twice-daily IR-Tac and once-daily extended-release tacro-
limus capsules [28–30]. Due to greater bioavailability and a 
prolonged-release profile, LCPT achieves similar target trough 
concentrations and overall exposure at a dose approximate-
ly 30% lower than that of IR-Tac, while also producing lower 
peak concentrations and less peak-to-trough fluctuation [28].

The efficacy and safety of once-daily LCPT and twice-daily IR-
Tac were compared in a 24-month, randomized, double-blind, 
phase 3 clinical trial in 543 de novo adult kidney transplant re-
cipients [31,32]. The study showed that LCPT achieved thera-
peutic trough concentrations faster than IR-Tac. After an initial 
dose, trough concentrations of tacrolimus were subtherapeutic 
in twice as many patients treated with IR-Tac than with LCPT. 
Despite these differences, the efficacy and safety profiles for 
LCPT and IR-Tac were comparable. The influence of metaboliz-
er status, however, was not examined in the primary analysis. 
Therefore, in the present post hoc analysis, we assessed dos-
ing, safety, and efficacy of LCPT and IR-Tac for different metab-
olizer phenotypes as identified by the C/D ratio.

Material and Methods

Study design

This was a post hoc analysis of data from a randomized, dou-
ble-blind, double-dummy, phase 3 clinical trial (NCT01187953) 
that compared the efficacy and safety of once-daily LCPT to 
twice-daily IR-Tac for the prevention of acute allograft rejection 
for 24 months after de novo kidney transplantation [31,32]. 
The study was performed at 68 sites in the USA, Latin America, 
Europe, and Asia between October 13, 2010 and March 26, 
2014. The clinical trial was approved by the health authority, 
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ethics committee, or institutional review board for each par-
ticipating center. Informed consent was obtained from all pa-
tients, and the study was conducted in accordance with the 
International Conference on Harmonisation Guidelines for 
Good Clinical Practice and the Declaration of Helsinki. Complete 
methods and primary findings of this study have been pub-
lished previously [31,32].

Briefly, the study included adult (³18 years) de novo recipients 
of a living or deceased donor kidney transplant. Patients were 
excluded if they received another organ or a bone marrow trans-
plant, had a panel-reactive antibody >30%, a body mass index 
<18 kg/m2 or >40 kg/m2, received or expected to receive siro-
limus, everolimus, azathioprine, or cyclophosphamide within 
3 months before enrollment, or had laboratory variables that 
were abnormal (i.e., outside laboratory reference range) and 
clinically relevant as judged by the Investigator. Within 48 h 
after transplantation, consenting patients were randomly as-
signed in a 1: 1 ratio to receive oral LCPT 0.17 mg/kg/day as a 
single daily dose or oral IR-Tac 0.1 mg/kg/day in 2 equal doses. 
To maintain blinding, both groups also received matching pla-
cebos. For 48 h after the initial dose, dose adjustments were 
discouraged. Subsequent doses were adjusted to maintain a 
target trough concentration of 6 to 11 ng/mL for the first 30 
days, then 4 to 11 ng/mL. To maintain blinding, investigators 
who wanted to adjust dosages used an interactive, automat-
ed system that issued dispensing instructions for the assigned 
treatment dose (LCPT or IR-Tac) and matching placebo. Study 
medication was administered in combination with mycophe-
nolate mofetil (starting at 2 g/day), corticosteroids (required 
for 12 months, dosed per local practice), and an interleukin-2 
receptor antagonist (dosed per product label).

Endpoints examined in this post hoc analysis

Endpoints evaluated in this post hoc analysis included tacro-
limus trough concentration up to month 24; total daily dose 
of tacrolimus up to month 24; treatment failure, death, loss 
to follow-up, biopsy-proven acute rejection, clinically suspect-
ed and treated acute rejection, delayed graft function, cyto-
megalovirus (CMV) infection, BK polyoma viremia, and BK vi-
rus nephropathy within 24 months; and eGFR at months 1 
(baseline), 6, 12, 18, and 24. Treatment failure was a compos-
ite endpoint including death, graft failure, biopsy-proven acute 
rejection (Banff Grade ³1A), or loss to follow-up. Data on de-
layed graft function, CMV infection, BK polyoma viremia, and 
BK virus nephropathy were collected from adverse event re-
ports. The eGFR was estimated using the Modification of Diet 
in Renal Disease 7 formula [33,34].

Tacrolimus concentrations were measured in whole-blood sam-
ples drawn ≤30 min before morning doses of study medication. 
The central laboratory measured tacrolimus concentrations by 

protein precipitation, followed by solid-phase chromatography, 
and reverse-phase high-performance liquid chromatography-
tandem mass spectroscopy. An XTerra MS C8, 2.1×100 mm, 
5-µm column (Waters, Milford, MA, USA) was used, and the 
mobile phase was 90:10 (v/v) methanol: 0.002 M ammoni-
um acetate in 0.1% formic acid. Rapamycin was used as the 
internal standard. Detection was in positive ion mode (m/z 
821.500®768.450 for tacrolimus and m/z 931.570®864.480 
for rapamycin). Results were quantified using the peak area 
ratio method. The trough concentrations were used to adjust 
the dose to maintain tacrolimus trough levels within the pre-
defined therapeutic ranges. Local laboratories measured ta-
crolimus concentrations according to their own internal, val-
idated liquid chromatography-mass spectroscopy methods.

The C/D ratio was determined as the tacrolimus trough con-
centration divided by the total daily tacrolimus dose.

Statistical analysis

This post hoc analysis included all patients in the phase 3 clin-
ical trial who had a calculable day 30 C/D ratio based on cen-
tral laboratory data, or, if unavailable, local laboratory data (full 
post hoc analysis set). Trough attainment on days 2–5 after 
treatment, clinical outcomes, and eGFR were analyzed in the 
full post hoc analysis set. Total daily dose was determined in 
patients whose C/D ratios were calculated based on central 
laboratory data only (central laboratory analysis set). Average 
trough concentration was determined in the central laboratory 
analysis set using central laboratory data only.

Within each treatment group, patients were split into the fol-
lowing metabolizer classes: rapid (C/D below 33rd percentile), 
intermediate (C/D 33rd to 67th percentile), and slow (C/D above 
67th percentile). The relationship between the C/D ratio at day 
30 and year 1 and year 2 was tested using Pearson’s correla-
tion coefficients in the full post hoc analysis set.

For each metabolizer subgroup, the following were calculated: 
average tacrolimus trough concentrations obtained from local 
laboratory data at each study day/period, average total dai-
ly dose at each study day/period, and proportion of patients 
within (6–11 ng/mL), above (>11 ng/mL), or below (<6 ng/mL) 
the target tacrolimus trough concentration for days 2–5 af-
ter randomization. Within each metabolizer subgroup, clinical 
events were compared between patients receiving LCPT and 
IR-Tac by Fisher’s exact test. For eGFR over time, only patients 
with a baseline eGFR and more than 1 post-baseline obser-
vation were included. The slope of eGFR change over months 
6–24 was estimated using a linear regression model for each 
patient. Treatment effect on the slope of eGFR changes was 
evaluated using analysis of covariance including treatment as 
a main effect and baseline eGFR (day 30 eGFR) as a covariate. 
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Sensitivity analysis using a general linear model with mixed 
effects for repeated measures was also used to evaluate the 
treatment effect on eGFR change over time within each metab-
olizer subgroup. The same analysis was also performed for 
eGFR change from baseline. Timepoints used in the analysis 
are nominal visit days.

A p-value <0.05 was considered statistically significant. No ad-
justments were made for multiplicity. Missing data were not 
replaced, and no search for outliers was performed. Statistical 
analyses were performed using SAS version 9.4 (SAS Institute, 
Cary, NC, USA).

Results

Patients and metabolizer phenotype subgroups

This post hoc analysis included 496 adult de novo kidney trans-
plant recipients who had a calculable C/D ratio at day 30 based 
on central or local laboratory data. This included 247 patients 
who had been randomly allocated to LCPT and 249 who had 
been randomly allocated to IR-Tac (Figure 1).

Of the 496 patients included in this analysis, day 30 C/D ratios 
were calculated using central laboratory data for 424 (85.5%) 
and using local laboratory data for 72 (14.5%). Based on C/D 
ratios, 82 patients in both the LCPT and IR-Tac groups were 
categorized as rapid metabolizers (below 33rd percentile [C/D 
ratio <0.96 for LCPT, <0.86 for IR-Tac]), 83 patients in the LCPT 
group and 85 patients in the IR-Tac group as intermediate 

metabolizers (33rd to 67th percentile [C/D ratio 0.96–1.53 for 
LCPT, 0.86-1.38 for IR-Tac]), and 82 patients in both the LCPT 
and IR-Tac groups as slow metabolizers (above 67th percentile 
[C/D ratio >1.53 for LCPT, >1.38 for IR-Tac]).

Within each metabolizer subgroup, baseline demographics 
were similar between patients receiving LCPT and those re-
ceiving IR-Tac (Table 1). Irrespective of metabolizer subgroup 
or treatment received, most patients were white, male, and 
the mean age was between 43 and 49 years, although slow 
metabolizers tended to be older than rapid metabolizers. In all 
cases, approximately equal numbers had a living or deceased 
donor. Fewer than 10% of patients had a previous transplant. 
Treatment durations ranged from 570 to 669 days. In all 
metabolizer subgroups, the C/D ratio cutoffs were higher for 
patients receiving LCPT than for those receiving IR-Tac due to 
the increased bioavailability of LCPT. Results were similar in 
patients whose average trough concentrations and total dai-
ly doses were measured (Supplementary Table 1).

Correlation between C/D ratios determined at day 30, 
year 1, and year 2

For the LCPT group overall, the C/D ratio at day 30 positively 
correlated with the C/D ratio at year 1 (r=0.4854; p<0.0001) and 
year 2 (r=0.5887; p<0.0001) (Supplementary Figure 1). Similarly, 
for the IR-Tac group overall, the C/D ratio at day 30 positively 
correlated with the C/D ratio at year 1 (r=0.5784; p<0.0001) 
and year 2 (r=0.5857; p<0.0001) (Supplementary Figure 2).

Randomized
(N=543)

Original analysis Allocation

Post hoc analysis Post hoc analysis (calculable day 30 C/D ratio)

Metabolizer status Post hoc analysis (calculable day 30 C/D ratio)

LCPT
(N=268)

IR-Tac
(N=275)

LCPT
(N=247)

IR-Tac
(N=249)

LCPT
(N=206)

Intermediate
(N=70)

IR-Tac
(N=218)

Intermediate
(N=83)

Rapid
(N=68)

Rapid
(N=82)

Slow
(N=68)

Slow
(N=82)

Intermediate
(N=74)

Intermediate
(N=85)

Rapid
(N=72)

Rapid
(N=82)

Slow
(N=72)

Slow
(N=82)

Post hoc analysis (calculable day 30 C/D ratio based
on central laboratory data only)

Post hoc analysis (calculable day 30 C/D ratio
based on central laboratory data only)

Figure 1.  Patient disposition. This post hoc analysis included patients who had a calculable day 30 C/D ratio based on central or local 
laboratory data. Trough attainment on days 2–5 after treatment, clinical outcomes, and eGFR were analyzed in all patients 
included in the post hoc analysis. Average trough concentration and total daily dose were determined in patients whose C/D 
ratios were calculated from central laboratory data only. C/D – concentration/dose; IR-Tac – immediate-release tacrolimus; 
LCPT – LCP-tacrolimus.
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Trough attainment during days 2–5 after treatment 
initiation

For rapid metabolizers, 2 days after treatment initiation, more 
patients treated with IR-Tac (74.2%) than treated with LCPT 
(41.5%) were below the minimum target trough of 6 ng/mL 
(Figure 2). For over half of rapid metabolizers who received 
IR-Tac, trough concentrations remained below the minimum 
target through day 5. For intermediate and slow metaboliz-
ers, more patients treated with IR-Tac than with LCPT were be-
low the minimum trough target; however, intermediate and 
slow metabolizers were more likely than rapid metabolizers to 
achieve minimum trough concentrations. In the overall pop-
ulation, tacrolimus trough concentrations on day 2 were be-
low the minimum target of 6 ng/mL for more than twice as 
many patients treated with IR-Tac (61.8%) than LCPT (26.5%).

On days 2–5, for the overall population, more patients treated 
with LCPT (39.8–65.7%) than IR-Tac (13.5–28.6%) had trough 
concentrations above the target range (>11 ng/mL) (Figure 2). 
Also, in both treatment groups, more intermediate and slow 
metabolizers than rapid metabolizers had trough concentra-
tions above the target range.

Trough concentration and dose over time

Average trough concentrations and total daily dose were ana-
lyzed in patients whose day 30 C/D ratios were calculated us-
ing central laboratory data only (LCPT, n=206; IR-Tac, n=218).

For rapid metabolizers, the mean LCPT dose was relatively stable 
over the first 4 weeks, and mean trough concentrations were 
at or above the target range (6–11 ng/mL) (Figure 3). In con-
trast, the mean total daily dose of IR-Tac had to be increased 
through days 9–11 to achieve a trough concentration within 
the target range. For intermediate and slow metabolizers, use 
of LCPT resulted in mean trough concentrations that exceeded 
the target range for several weeks following initiation (days 
18–25 for intermediate metabolizers (Figure 4) and days 26–37 
for slow metabolizers (Figure 5)). For these 2 metabolizer sub-
groups, the mean total daily dose of LCPT had to be reduced 
over time to attain recommended trough concentrations. For 
IR-Tac, the mean total daily dose in the intermediate and slow 
metabolizer subgroups remained relatively consistent in the 
9–11 days after randomization because mean trough concen-
trations were within the therapeutic target range.

Characteristic
Rapid metabolizers Intermediate metabolizers Slow metabolizers

LCPT (n=82) IR-Tac (n=82) LCPT (n=83) IR-Tac (n=85) LCPT (n=82) IR-Tac (n=82)

Age (years), mean (SD)  42.5 (12.87)  43.6 (13.61)  44.4 (12.95)  45.6 (14.58)  46.2 (13.69)  49.0 (14.64)

Sex, n (%)

 Male  51 (62.2%)  56 (68.3%)  54 (65.1%)  53 (62.4%)  59 (72.0%)  58 (70.7%)

 Female  31 (37.8%)  26 (31.7%)  29 (34.9%)  32 (37.6%)  23 (28.0%)  24 (29.3%)

Race, n (%)

 White  55 (67.1%)  59 (72.0%)  64 (77.1%)  69 (81.2%)  65 (79.3%)  63 (76.8%)

 Black or African American  7 (8.5%)  6 (7.3%)  0  5 (5.9%)  2 (2.4%)  3 (3.7%)

 Asian  4 (4.9%)  4 (4.9%)  5 (6.0%)  2 (2.4%)  1 (1.2%)  4 (4.9%)

 Other  16 (19.5%)  13 (15.9%)  14 (16.9%)  9 (10.6%)  14 (17.1%)  12 (14.6%)

Donor type, n (%)

 Living  42 (51.2%)  37 (45.1%)  45 (54.2%)  36 (42.4%)  41 (50.0%)  44 (53.7%)

 Deceased  40 (48.8%)  45 (54.9%)  38 (45.8%)  49 (57.6%)  41 (50.0%)  38 (46.3%)

Previous transplant, n (%)  4 (4.9%)  1 (1.2%)  7 (8.4%)  6 (7.1%)  0  4 (4.9%)

Treatment duration (days), 
mean (SD)

 569.5 (256.23)  634.6 (192.13)  669.0 (153.26)  633.0 (199.57)  621.6 (206.44)  637.2 (192.09)

C/D ratio* <0.96 <0.86 0.96–1.53 0.86–1.38 >1.53 >1.38

Table 1. Baseline characteristics.

Analysis population consisted of patients who had a calculable day 30 C/D ratio based on central or local laboratory data. 
C/D – concentration/dose; IR-Tac – immediate-release tacrolimus; LCPT – LCP-tacrolimus; SD – standard deviation. * C/D ratio 
cutoffs differ between formulations because of inherent differences in bioavailability; LCPT has a higher bioavailability resulting 
in lower average doses.
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Outcomes

Within each metabolizer subgroup, differences between treat-
ments were not statistically significant for treatment failure, 
death, graft failure, loss to follow-up, biopsy-proven acute re-
jection, clinical suspected and treated acute rejection, delayed 
graft function, CMV infection, BK polyoma viremia, or BK ne-
phropathy (Figure 6). For the overall population, the incidence 
of each event was similar between treatment groups.

Renal function

For the overall population, and within each individual metab-
olizer subgroup, the slope of the observed eGFR change over 
months 6–24 did not significantly differ between treatments 
(Table 2, Supplementary Figure 3). Sensitivity analyses did 
not find treatment differences within any metabolizer sub-
group for observed eGFR or change in eGFR from baseline 
(Supplementary Table 2).

Doses of concomitant medications

Doses of concomitant corticosteroids and mycophenolate were 
similar for the 2 treatment groups over time (Supplementary 
Figures 4 and 5, respectively).

Discussion

In a phase 3 clinical trial, the efficacy and safety of once-daily 
LCPT and twice-daily IR-Tac were previously compared in 543 
de novo adult kidney transplant recipients [31,32]. Starting 
doses were 0.17 mg/kg/day for LCPT and 0.1 mg/kg/day for 
IR-Tac, after which dose adjustments were allowed to main-
tain therapeutic trough concentrations. The primary analysis 
showed that in the overall population, the efficacy and safe-
ty profile of LCPT and IR-Tac were similar, although minimum 
tacrolimus trough concentrations were obtained more rapid-
ly with LCPT than with IR-Tac. The present post hoc analysis 
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26.5 33.7 39.8
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All
patients

Day 2

Day 3

Day 4

Day 5

Rapid
metabolizers

Day 2

Day 3

Day 4
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Day 4

Day 5

Below (<6 ng/mL) Within (6–11 ng/mL) Above (>11 ng/mL)

0 20 40 60 80 100 0 20 40 60 80 100

Slow
metabolizers

% of patients

IR-Tac

Figure 2.  Attainment of trough concentrations on days 2–5. The analysis population consisted of patients who had a calculable day 30 
C/D ratio based on central or local laboratory data. Shown are the proportions of patients above, within, or below the target 
range. C/D – concentration/dose; IR-Tac – immediate-release tacrolimus; LCPT – LCP-tacrolimus.
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Figure 3.  Total daily dose (A) and trough concentrations (B) of tacrolimus in rapid metabolizers. The analysis population consisted of 
patients who had a calculable day 30 C/D ratio based on central laboratory data only. Central boxes indicate the 25th to 75th 
percentile, and central lines the median (50th percentile). Whiskers indicate full concentration ranges. Lines connect the mean 
trough concentrations. C/D – concentration/dose; IR-Tac – immediate-release tacrolimus; LCPT – LCP-tacrolimus.
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Figure 4.  Total daily dose (A) and trough concentrations (B) of tacrolimus in intermediate metabolizers. The analysis population 
consisted of patients who had a calculable day 30 C/D ratio based on central laboratory data only. Central boxes indicate the 
25th to 75th percentile, and central lines the median (50th percentile). Whiskers indicate full concentration ranges. Lines connect 
the mean trough concentrations. C/D – concentration/dose; IR-Tac – immediate-release tacrolimus; LCPT – LCP-tacrolimus.
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indicated that metabolizer status does not appear to affect the 
relative efficacy or safety of these 2 tacrolimus formulations. 
As in the primary analysis, minimum tacrolimus trough con-
centrations were obtained more rapidly with LCPT than with 
IR-Tac in all metabolizer subgroups.

Trough concentrations were initially higher in the intermedi-
ate and slow metabolizer subgroups with the starting dose of 
LCPT, but dosing adjustments corrected elevated trough con-
centrations. In contrast, in over half of rapid metabolizers ini-
tiating treatment with IR-Tac, trough concentrations were be-
low the minimum target through day 5, which required doses 
of IR-Tac to be increased. These data emphasize that thera-
peutic drug monitoring can be used to drive dose adjustments 
and thereby reduce over- or under-exposure.

Although therapeutic drug monitoring and subsequent dose 
adjustments allowed target tacrolimus concentrations to be 
attained, delays in achieving minimum target concentrations 
might lead to graft rejection [4,10]. However, this study did not 
identify statistically significant differences in rejection rates 
between formulations in any metabolizer group. However, 
the study was not designed or powered to detect differences 
within these subgroups. Nonetheless, we observed a favorable 
trend with LCPT. Fewer rapid metabolizers experienced a re-
jection with LCPT (23.2%) than with IR-Tac (36.6%). Multiple 

factors influence the risk of rejection, such as potency of the 
induction agent and number of concomitant immunosuppres-
sive maintenance therapies prescribed; therefore, clinicians 
may place varying levels of importance on early achievement 
of minimum therapeutic concentrations.

Because this analysis was based on a clinical trial, most of the 
endpoints were collected prospectively, allowing more com-
plete collection than in retrospective studies. An exception 
was viral infections, including BK and CMV, which were col-
lected through adverse event reporting. The present analysis 
also benefitted from a relatively large population, although for 
some events, low frequencies limited the ability to make in-
ferences. The duration of this study also permitted outcomes 
to be assessed for up to 24 months, which has been sufficient 
to detect differences in eGFR between metabolizer groups in 
other studies [9,21].

Pharmacogenetic testing could have provided information on 
individual polymorphisms known to affect tacrolimus metab-
olism and helped to identify metabolizer status, but it was not 
assessed in the clinical trial. Furthermore, not all variants af-
fecting tacrolimus metabolism have been identified [19,35]. 
We instead used the C/D ratio, which is more practical than 
pharmacogenetic testing for identifying rapid metabolizers. 
Several studies have demonstrated the utility of the C/D ratio 
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Figure 5.  Total daily dose (A) and trough concentrations (B) of tacrolimus in slow metabolizers. The analysis population consisted of 
patients who had a calculable day 30 C/D ratio based on central laboratory data only. Central boxes indicate the 25th to 75th 
percentile, and central lines the median (50th percentile). Whiskers indicate full concentration ranges. Lines connect the mean 
trough concentrations. C/D – concentration/dose; IR-Tac – immediate-release tacrolimus; LCPT – LCP-tacrolimus.
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for classifying patients and exploring the relationship between 
the C/D ratio and outcomes [9,21,22,35,36], and a recent meta-
analysis provided strong evidence that kidney transplant re-
cipients can be grouped into metabolizer subgroups using 
the C/D ratio [37]. For this analysis, we used the C/D ratio at 

day 30 to determine metabolizer phenotype. C/D ratio at day 
30 appeared to be a valid assessment as demonstrated by the 
marked differences in tacrolimus trough concentrations and 
doses between subgroups. Indeed, due to the greater bioavail-
ability of LCPT, breakpoints for C/D ratios between metabolizer 
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Figure 6.  Clinical outcomes overall and by metabolizer phenotype. The analysis population consisted of patients who had a calculable 
day 30 C/D ratio based on central or local laboratory data. For all patients and within metabolizer subgroups, there were 
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subgroups were generally higher for LCPT than for IR-Tac, lead-
ing to lower total daily dose being used to achieve compara-
ble trough levels. Other studies have used an average C/D 
ratio determined 1, 3, and 6 months after renal transplanta-
tion [21,24]. However, in this study, 30 days was sufficient to 
reach a steady state and achieve therapeutic concentrations 
with a stable dose of IR-Tac or LCPT, and the C/D ratio at day 
30 was correlated with the ratios at year 1 and 2, suggesting 
that the day 30 C/D ratio was generally adequate for deter-
mining metabolizer status.

Although trough concentrations were measured as a correlate 
for overall exposure, peak concentrations were not measured 
in this study. Elevated peak concentrations may be associat-
ed with calcineurin inhibitor-related toxicities [19]. A study of 
38 kidney transplant recipients who experienced tacrolimus-
induced hand tremor while on twice-daily IR-Tac showed that 
switching to LCPT reduced hand tremors but maintained com-
parable tacrolimus trough concentrations, suggesting that the 
difference was due to lower peak concentrations [38]. Another 
study of patients receiving IR-Tac after transplant found low-
er mean trough concentrations but also lower eGFR in rapid 

metabolizers than in slow metabolizers, suggesting that the re-
sulting nephrotoxicity was due to higher peak tacrolimus con-
centrations [9]. Peak concentrations of tacrolimus have been 
reported in genotype-confirmed patient populations [18], but 
little data on peak concentrations within individual metabo-
lizer groups are available. To better understand differences in 
tacrolimus formulations, further studies should investigate dif-
ferences in both peak and trough concentrations for different 
metabolizer phenotypes.

This post hoc analysis did not examine differences between 
metabolizer groups but rather focused on the relative safety 
and efficacy of LCPT and IR-Tac within individual metaboliz-
er subgroups and, moreover, was not powered to detect dif-
ferences between subgroups. How metabolizer status affects 
clinical outcomes for patients receiving tacrolimus has been 
examined in other studies [9,21,22,35]. In a recent retrospec-
tive analysis, renal transplant recipients who received IR-Tac 
and were categorized as fast metabolizers according to their 
C/D ratio had lower patient survival, lower overall graft sur-
vival, a more rapid decline in eGFR, and a higher rejection rate 
over 5 years than slow metabolizers [22]. In renal and liver 

Statistic

LCPT IR-Tac

Overall 
(n=218)

Rapid 
metabolizers 

(n=68)

Intermediate 
metabolizers 

(n=78)

Slow 
metabolizers 

(n=72)

Overall 
(n=223)

Rapid 
metabolizers 

(n=71)

Intermediate 
metabolizers 

(n=79)

Slow 
metabolizers 

(n=73)

Slope of change in eGFR, observed (mL/min/1.73 m2 per day)

LS mean  
(95% CI)

0.136 
(0.022, 
 0.249)

0.315 
(0.154, 
 0.477)

0.098 
(–0.120, 
 0.316)

0.007 
(–0.192, 
 0.206)

0.213 
(0.101, 
 0.325)

0.172 
(0.014, 
 0.331)

0.288 
(0.071, 
 0.505)

0.171 
(–0.027, 
 0.368)

Difference  
(95% CI)

–0.077 
(–0.237, 
 0.082)

0.143 
(–0.083, 
 0.369)

–0.190 
(–0.498, 
 0.117)

–0.164 
(–0.444, 
 0.116)

P-value (LCPT 
vs. IR-Tac)

0.3417 0.2134 0.2240 0.2497

Slope of change in eGFR, change from baseline (mL/min/1.73 m2 per day)

LS mean  
(95% CI)

0.037 
(–0.109, 
 0.183)

0.348 
(0.176, 
 0.521)

–0.071 
(–0.340, 
 0.198)

–0.140 
(–0.432, 
 0.152)

0.138 
(–0.007, 
 0.282)

0.082 
(–0.086, 
 0.251)

0.273 
(0.006, 
 0.540)

0.044 
(–0.246, 
 0.334)

Difference  
(95% CI)

–0.101 
(–0.306, 
 0.105)

0.266 
(0.024, 
 0.508)

–0.344 
(–0.723, 
 0.035)

–0.184 
(–0.596, 
 0.228)

P-value (LCPT 
vs. IR-Tac)

0.3362 0.0314 0.0750 0.3789

Table 2. Slope of eGFR change over months 6–24.

Analysis population consisted of patients who had a calculable day 30 C/D ratio based on central or local laboratory data. N represents 
patients with analyzable data for this endpoint. Treatment effect on the rate of eGFR change over time was assessed with an analysis 
of covariance model with main effect of treatment and baseline eGFR as covariates within overall and each metabolizer subgroup. 
C/D – concentration/dose; CI – confidence interval; eGFR – estimated glomerular filtration rate; IR-Tac – immediate-release tacrolimus; 
LCPT – LCP-tacrolimus; LS – least squares.
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transplant recipients who received IR-Tac, rapid metabolizers, 
as determined by C/D ratio, had worse renal function than 
slow metabolizers [9,21]. Furthermore, a case-control study of 
patients treated with either immediate-release or extended-
release tacrolimus showed that renal transplant patients with 
BK viremia had a significantly lower C/D ratio than the con-
trol group, indicating more rapid tacrolimus metabolism [24].

Conclusions

The previous analysis of data from this trial indicated that 
even though attainment of target tacrolimus trough concen-
trations in the first week post-transplant differed between 
LCPT and IR-Tac, clinical outcomes do not differ between these 
formulations as long as dose adjustments are made [31,32]. 
Because metabolizer status can affect the susceptibility to BK 
virus infections, rejection, and calcineurin inhibitor-related 

nephrotoxicity [21–24], it is important to examine the interac-
tion between metabolizer status, tacrolimus formulations, and 
clinical outcomes. The present study provides evidence that, 
irrespective of metabolizer status, when dose adjustments are 
made, outcomes do not differ between LCPT and IR-Tac. It also 
reveals how dosing and trough level attainment changes with 
C/D ratio, a surrogate marker of metabolizer status. Further 
appropriately powered studies are needed to confirm these 
findings and clarify the relationship between outcomes and 
tacrolimus peak and trough concentrations.
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Characteristic
Rapid metabolizers Intermediate metabolizers Slow metabolizers

LCPT (n=68) IR-Tac (n=72) LCPT (n=70) IR-Tac (n=74) LCPT (n=68) IR-Tac (n=72)

Age (years), mean (SD)  41.9 (13.34) 43.2 (14.01)  45.1 (13.20)  45.4 (14.04)  45.9 (14.27)  49.0 (15.19)

Sex, n (%)

 Male  44 (64.7%) 52 (72.2%)  47 (67.1%)  46 (62.2%)  48 (70.6%)  50 (69.4%)

 Female  24 (35.3%) 20 (27.8%)  23 (32.9%)  28 (37.8%)  20 (29.4%)  22 (30.6%)

Race, n (%)

 White  46 (67.6%) 49 (68.1%)  55 (78.6%)  60 (81.1%)  51 (75.0%)  55 (76.4%)

 Black or African American  6 (8.8%) 6 (8.3%)  0  3 (4.1%)  1 (1.5%)  3 (4.2%)

 Asian  3 (4.4%) 4 (5.6%)  4 (5.7%)  2 (2.7%)  1 (1.5%)  3 (4.2%)

 Other  13 (19.1%) 13 (18.1%)  11 (15.7%)  9 (12.2%)  15 (22.1%)  11 (15.3%)

Donor type, n (%)

 Living  35 (51.5%) 31 (43.1%)  37 (52.9%)  33 (44.6%)  34 (50.0%)  37 (51.4%)

 Deceased  33 (48.5%) 41 (56.9%)  33 (47.1%)  41 (55.4%)  34 (50.0%)  35 (48.6%)

Previous transplant, n (%)  3 (4.4%) 1 (1.4%)  6 (8.6%)  4 (5.4%)  1 (1.5%)  5 (6.9%)

Treatment duration (days), 
mean (SD)

 558.5 (265.88) 630.9 (197.50)  671.3 (156.58)  647.9 (181.41)  649.5 (177.00)  629.8 (200.62)

C/D ratio*,** <0.96 <0.83 0.96–1.47 0.83–1.37 >1.47 >1.37

Supplementary Table 1.  Baseline characteristics of the analysis population used to evaluate tacrolimus trough concentrations and 
total daily dose.

Analysis population consisted of patients who had a calculable day 30 C/D ratio based on central laboratory data only. * C/D ratio 
cutoffs differ between formulations because of inherent differences in bioavailability; LCPT has a higher bioavailability resulting 
in lower average doses; ** Day 30 ratio of trough concentration obtained from central laboratory. C/D – concentration/dose; 
IR-Tac – immediate-release tacrolimus; LCPT – LCP-tacrolimus; SD – standard deviation.
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Supplementary Figure 1.  Correlation plots for C/D ratios measured at day 30 (CD30), 1 year (CD1YR), and 2 years (CD2YR) for patients 
who were treated with LCPT
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Supplementary Figure 2.  Correlation plots for C/D ratios measured at day 30 (CD30), 1 year (CD1YR), and 2 years (CD2YR) for patients 
who were treated with IR-Tac.
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Supplementary Figure 3.  Mean eGFR (A) and mean change in eGFR from baseline (B). Analysis population consisted of patients who 
had a calculable day 30 C/D ratio based on central or local laboratory data. eGFR – estimated glomerular 
filtration rate; IR-Tac – immediate-release tacrolimus; LCPT – LCP-tacrolimus.
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Analysis Statistics

LCPT IR-Tac

Overall 
(N=247)

Rapid 
metabolizers 

(N=82)

Intermediate 
metabolizers 

(N=83)

Slow 
metabolizers 

(N=82)

Overall 
(N=249)

Rapid 
metabolizers 

(N=82)

Intermediate 
metabolizers 

(N=85)

Slow 
metabolizers 

(N=82)

Model 2

LS mean 
(95% CI)

57.738 
(55.353, 
60.123)

57.521 
(53.439, 
61.604)

56.814 
(52.951, 
60.676)

58.737 
(54.334, 
63.140)

59.002 
(56.646, 
61.359)

53.693 
(49.710, 
57.675)

60.208 
(56.364, 
64.052)

62.798 
(58.423, 
67.173)

Difference 
(95% CI)

–1.264 
(–4.617, 
2.088)

3.829 
(–1.875, 
9.532)

–3.394 
(–8.843, 
2.056)

–4.061 
(–10.268, 

2.146)
– – – –

P-value: 
treatment

0.4590 0.1866 0.2205 0.1980 – – – –

Model 3

LS mean 
(95% CI)

57.516 
(55.145, 
59.887)

56.075 
(52.105, 
60.046)

56.971 
(53.193, 
60.749)

58.192 
(53.881, 
62.502)

58.575 
(56.232, 
60.917)

53.262 
(49.392, 
57.132)

59.552 
(55.794, 
63.310)

62.488 
(58.209, 
66.768)

Difference 
(95% CI)

–1.058 
(–4.392, 
2.275)

2.814 
(–2.731, 
8.358)

–2.581 
(–7.910, 
2.748)

–4.297 
(–10.371, 

1.777)
– – – –

P-value: 
treatment

0.8914 0.7945 0.8487 0.4078 – – – –

Model 4

LS mean 
(95% CI)

57.722 
(55.291, 
60.154)

57.338 
(53.136, 
61.540)

56.907 
(52.969, 
60.845)

59.018 
(54.583, 
63.453)

58.927 
(56.525, 
61.329)

53.681 
(49.576, 
57.785)

60.001 
(56.086, 
63.916)

62.861 
(58.459, 
67.263)

Difference 
(95% CI)

–1.205 
(–4.623, 
2.213)

3.657 
(–2.217, 
9.531)

–3.095 
(–8.648, 
2.459)

–3.844 
(–10.093, 

2.405)
– – – –

P-value: 
treatment

0.8149 0.5097 0.7598 0.4590 – – – –

Model 5

LS mean 
(95% CI)

57.666 
(55.248, 
60.083)

– – –
58.898 
(56.510, 
61.286)

– – –

Difference 
(95% CI)

–1.232 
(–4.628, 
2.164)

– – – – – – –

P-value: 
treatment

0.8017 – – – – – – –

Model 6

LS mean 
(95% CI)

57.575 
(55.144, 
60.007)

– – –
59.069 
(56.667, 
61.472)

– – –

Difference 
(95% CI)

–1.494 
(–4.920, 
1.931)

– – – – – – –

P-value: 
treatment

0.6891 – – – – – – –

Supplementary Table 2. Sensitivity analyses for eGFR (mL/min/1.73 m2) at months 1–24.

Analysis population consisted of patients who had a calculable day 30 C/D ratio based on central or local laboratory data. Model 2: 
general linear model for repeated measures with time as categorical variable. Model 3: general linear model for repeated measures 
with time as quantitative variable. Model 4: general linear model for repeated measures with random intercept and time. Model 5: 
C/D group included as a covariate. Model 6: CD/ratio included as a covariate. C/D – concentration/dose; CI – confidence interval; 
eGFR – estimated glomerular filtration rate; IR-Tac – immediate-release tacrolimus; LCPT – LCP-tacrolimus; LS – least squares.
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Supplementary Figure 4.  Mean corticosteroid total daily dose in rapid (A), intermediate (B), and slow (C) metabolizers. Analysis 
population consisted of patients who had a calculable day 30 C/D ratio based on central or local laboratory 
data. C/D – concentration/dose; CI – confidence interval; IR-Tac – immediate-release tacrolimus; LCPT – LCP-
tacrolimus; TDD – total daily dose.
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Supplementary Figure 5.  Mean mycophenolate total daily dose in rapid (A), intermediate (B), and slow (C) metabolizers. Analysis 
population consisted of patients who had a calculable day 30 C/D ratio based on central or local 
laboratory data. C/D – concentration/dose; CI – confidence interval; IR-Tac – immediate-release tacrolimus; 
LCPT – LCP-tacrolimus; TDD – total daily dose.

e923278-16

Suwelack B. et al.: 
C/D ratio and LCP-tacrolimus

© Ann Transplant, 2020; 25: e923278
ORIGINAL PAPER

Indexed in: [Science Citation Index Expanded] [Index Medicus/MEDLINE] 
[Chemical Abstracts] [Scopus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



References:

 1. Hart A, Smith JM, Skeans MA et al: Optn/srtr 2016 annual data report: 
Kidney. Am J Transplant, 2018; 18(Suppl. 1): 18–113

 2. Meier-Kriesche HU, Li S, Gruessner RW et al: Immunosuppression: Evolution 
in practice and trends, 1994–2004. Am J Transplant, 2006; 6: 1111–31

 3. Draft guidance on tacrolimus. 2019. https://www.accessdata.fda.gov/drug-
satfda_docs/psg/PSG%20for%20Tacrolimus%20Ointment%200.03%202018-
09-13.pdf

 4. Kidney Disease: Improving Global Outcomes Transplant Work Group: Kdigo 
clinical practice guideline for the care of kidney transplant recipients. Am 
J Transplant, 2009; 9(Suppl. 3): S1–155

 5. Malvezzi P, Rostaing L: The safety of calcineurin inhibitors for kidney-trans-
plant patients. Expert Opin Drug Saf, 2015; 14: 1531–46

 6. Jacobson PA, Schladt D, Israni A et al: Genetic and clinical determinants of 
early, acute calcineurin inhibitor-related nephrotoxicity: Results from a kid-
ney transplant consortium. Transplantation, 2012; 93: 624–31

 7. Ekberg H, van Gelder T, Kaplan B, Bernasconi C: Relationship of tacrolimus 
exposure and mycophenolate mofetil dose with renal function after renal 
transplantation. Transplantation, 2011; 92: 82–87

 8. Tsuchiya T, Ishida H, Tanabe T et al: Comparison of pharmacokinetics and 
pathology for low-dose tacrolimus once-daily and twice-daily in living kid-
ney transplantation: Prospective trial in once-daily versus twice-daily ta-
crolimus. Transplantation, 2013; 96: 198–204

 9. Tholking G, Siats L, Fortmann C et al: Tacrolimus concentration/dose ratio is 
associated with renal function after liver transplantation. Ann Transplant, 
2016; 21: 167–79

 10. Davis S, Gralla J, Klem P et al: Lower tacrolimus exposure and time in ther-
apeutic range increase the risk of de novo donor-specific antibodies in the 
first year of kidney transplantation. Am J Transplant, 2018; 18: 907–15

 11. Gatault P, Kamar N, Buchler M et al: Reduction of extended-release tacroli-
mus dose in low-immunological-risk kidney transplant recipients increases 
risk of rejection and appearance of donor-specific antibodies: A random-
ized study. Am J Transplant, 2017; 17: 1370–79

 12. Staatz CE, Tett SE: Clinical pharmacokinetics and pharmacodynamics of 
tacrolimus in solid organ transplantation. Clin Pharmacokinet, 2004; 43: 
623–53

 13. Venkataramanan R, Swaminathan A, Prasad T et al: Clinical pharmacoki-
netics of tacrolimus. Clin Pharmacokinet, 1995; 29: 404–30

 14. Mancinelli LM, Frassetto L, Floren LC et al: The pharmacokinetics and met-
abolic disposition of tacrolimus: A comparison across ethnic groups. Clin 
Pharmacol Ther, 2001; 69: 24–31

 15. Stratta P, Quaglia M, Cena T et al: The interactions of age, sex, body mass 
index, genetics, and steroid weight-based doses on tacrolimus dosing re-
quirement after adult kidney transplantation. Eur J Clin Pharmacol, 2012; 
68: 671–80

 16. Dai Y, Hebert MF, Isoherranen N et al: Effect of cyp3a5 polymorphism on ta-
crolimus metabolic clearance in vitro. Drug Metab Dispos, 2006; 34: 836–47

 17. Tavira B, Coto E, Diaz-Corte C et al: Pharmacogenetics of tacrolimus after 
renal transplantation: Analysis of polymorphisms in genes encoding 16 
drug metabolizing enzymes. Clin Chem Lab Med, 2011; 49: 825–33

 18. Trofe-Clark J, Brennan DC, West-Thielke P et al: Results of asertaa, a ran-
domized prospective crossover pharmacogenetic study of immediate-release 
versus extended-release tacrolimus in african american kidney transplant 
recipients. Am J Kidney Dis, 2018; 71: 315–26

 19. Andrews LM, De Winter BC, Van Gelder T, Hesselink DA: Consideration 
of the ethnic prevalence of genotypes in the clinical use of tacrolimus. 
Pharmacogenomics, 2016; 17: 1737–40

 20. Pallet N, Etienne I, Buchler M et al: Long-term clinical impact of adaptation 
of initial tacrolimus dosing to cyp3a5 genotype. Am J Transplant, 2016; 16: 
2670–75

 21. Tholking G, Fortmann C, Koch R et al: The tacrolimus metabolism rate in-
fluences renal function after kidney transplantation. PLoS One, 2014; 9: 
e111128

 22. Schütte-Nütgen K, Tholking G, Steinke J et al: Fast tac metabolizers at risk 
(–) it is time for a C/D ratio calculation. J Clin Med. 2019; 8: 587

 23. Thölking G, Schütte-Nütgen K, Schmitz J et al: A low tacrolimus concentra-
tion/dose ratio increases the risk for the development of acute calcineu-
rin inhibitor-induced nephrotoxicity. J Clin Med, 2019; 8: 1586

 24. Tholking G, Schmidt C, Koch R et al: Influence of tacrolimus metabolism 
rate on bkv infection after kidney transplantation. Sci Rep, 2016; 6: 32273

 25. Envarsus xr [package insert]. Cary, NC: Veloxis Pharmaceuticals, 2018

 26. Envarsus [summary of product characteristics]. Manchester, UK: 
Chiesi Limited; 2016. https://www.ema.europa.eu/en/documents/
product-information/envarsus-epar-product-information_en.pdf

 27. Prenvarsus patm [product monograph]. Dublin, Ireland: Endo Ventures, Ltd.; 
2019. https://www.paladin-labs.com/our_products/EnvarsusPA__EN.pdf

 28. Gaber AO, Alloway RR, Bodziak K et al: Conversion from twice-daily tacro-
limus capsules to once-daily extended-release tacrolimus (lcpt): A phase 2 
trial of stable renal transplant recipients. Transplantation, 2013; 96: 191–97

 29. Kamar N, Cassuto E, Piotti G et al: Pharmacokinetics of prolonged-release 
once-daily formulations of tacrolimus in de novo kidney transplant recipi-
ents: A randomized, parallel-group, open-label, multicenter study. Adv Ther, 
2019; 36: 462–77

 30. Tremblay S, Nigro V, Weinberg J et al: A steady-state head-to-head phar-
macokinetic comparison of all fk-506 (tacrolimus) formulations (astcoff): 
An open-label, prospective, randomized, two-arm, three-period crossover 
study. Am J Transplant, 2017; 17: 432–42

 31. Budde K, Bunnapradist S, Grinyo JM et al: Novel once-daily extended-re-
lease tacrolimus (lcpt) versus twice-daily tacrolimus in de novo kidney 
transplants: One-year results of phase iii, double-blind, randomized trial. 
Am J Transplant, 2014; 14: 2796–806

 32. Rostaing L, Bunnapradist S, Grinyo JM et al: Novel once-daily extended-re-
lease tacrolimus versus twice-daily tacrolimus in de novo kidney transplant 
recipients: Two-year results of phase 3, double-blind, randomized trial. Am 
J Kidney Dis, 2016; 67: 648–59

 33. Cockcroft DW, Gault MH: Prediction of creatinine clearance from serum cre-
atinine. Nephron, 1976; 16: 31–41

 34. Nankivell BJ, Gruenewald SM, Allen RD, Chapman JR: Predicting glomeru-
lar filtration rate after kidney transplantation. Transplantation, 1995; 59: 
1683–89

 35. Jouve T, Fonrose X, Noble J et al: The tomato study (tacrolimus metaboliza-
tion in kidney transplantation): Impact of the concentration-dose ratio on 
death-censored graft survival. Transplantation, 2019; 104: 1263–71

 36. Kwiatkowska E, Kwiatkowski S, Wahler F et al: C/D ratio in long-term re-
nal function. Transplant Proc, 2019; 51: 3265–70

 37. Khan AR, Raza A, Firasat S, Abid A: Cyp3a5 gene polymorphisms and their im-
pact on dosage and trough concentration of tacrolimus among kidney trans-
plant patients: A systematic review and meta-analysis. Pharmacogenomics J, 
2020 [Online ahead of print]

 38. Langone A, Steinberg SM, Gedaly R et al: Switching study of kidney trans-
plant patients with tremor to lcp-tacro (strato): An open-label, multicenter, 
prospective phase 3b study. Clin Transplant, 2015; 29: 796–805

e923278-17

Suwelack B. et al.: 
C/D ratio and LCP-tacrolimus
© Ann Transplant, 2020; 25: e923278

ORIGINAL PAPER

Indexed in: [Science Citation Index Expanded] [Index Medicus/MEDLINE] 
[Chemical Abstracts] [Scopus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


