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Abstract

Aim—Tacrolimus is an immunosuppressant used in transplantation. This article reports the
validation of the authors’ recently developed genetics-based tacrolimus equation that predicts
troughs.

Methods—Validation was performed in an independent cohort of 795 kidney transplant
recipients receiving tacrolimus. The performance of the equation to predict initial troughs was
assessed by calculating the bias and precision of the equation. For all troughs in the first 6 months
post-transplant, a comparison was made between the troughs predicted using the equation versus
those predicted using a basic apparent clearance model with no covariates.

Results—For initial troughs, the equation had a low bias (0.2 ng/ml) and high precision (1.8 ng/
ml). For all troughs, the equation predicted troughs significantly better than the basic apparent
clearance model.

Conclusion—The tacrolimus equation had good bias and precision in predicting initial troughs
and performed better than a basic apparent clearance model for all the troughs.
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Interindividual variability in drug exposure and response is a major limitation to drug
therapy [1]. Although it is generally unclear as to why patients do not respond to therapy, a
substantial portion of these individuals may have genetic variability that influences drug
efficacy, pharmacology and/or systemic exposure [1,2]. Genetic differences in metabolism
enzymes and mechanistic pathways are well known to impact pharmacokinetics, efficacy
and toxicity of warfarin. To reduce interpatient variability and improve efficacy, several
dosing equations for warfarin that incorporate genetic polymorphisms in CYP2C9and
VKORC1 along with clinical factors (e.g., age, body surface area, smoking status, race, age
and concomitant medications) have been successfully developed [3-7]. Dosing of war farin
by genotype status has been given a level A rating by the pharmacogenetics implement ation
consortium, which highlights the potential importance of genotype in dose determination
[8]. Several studies have shown that genotype-guided warfarin dosing resulted in reduced
time to stable anticoagulation and faster achievement of therapeutic international normalized
ratio, and fewer and smaller dose changes [5,9].

Tacrolimus is a widely used maintenance immunosuppressant in kidney transplantation [10].
It is rapidly absorbed from the Gl tract and has a poor oral bioavailability. It is highly bound
to plasma proteins and mainly eliminated through metabolism by CYP3AD5 [11]. Several
pharmacokinetic studies have estimated the tacrolimus apparent clearance (CL/F) to range
from 21 to 35 I/h [12-14]. Its use is complicated by its narrow therapeutic window and large
interindividual variability in pharmacokinetics [15,16]. Elevated trough concentrations are
associated with increased risk of toxicity while low troughs are associated with increased
risk of rejection [17]. In the clinical setting, initial tacrolimus doses are based on bodyweight
and subsequent doses are adjusted by therapeutic drug monitoring (TDM) of trough
concentrations [15]. Despite these efforts, a large number of patients achieve troughs that are
above or below the targeted therapeutic range, particularly in the early days post-transplant
[18-20]. To address this problem, the authors’ group developed an equation using 681
kidney transplant recipients, enrolled through a multicenter consortium, using clinical
factors and genetic variants that individualize tacrolimus dosing [21]. This equation
estimates an apparent CL/F for an individual based on days post-transplant, CYP3A5*1
genotype status, transplantation at a steroid-sparing transplantation center, age at the time of
transplant and the use of calcium channel blocker (sox 1; equation 1). Following this, the total
daily dose requirement for any desired tacrolimus trough target, can be determined using the
CL/F estimate (BOX 2; EQUATION 2)

A prerequisite for the clinical use of this clearance equation is to demonstrate its validity in
predicting troughs. Therefore, the objective of this study was to evaluate the predictive
performance of the clearance equation to predict troughs relative to actual observed troughs
using an independent cohort of kidney transplant recipients. Validation of this equation will
provide the additional confidence that the equation can be safely used, may reduce the
number of out-of-range trough concentrations and will ultimately reduce the number of
trough concentrations necessary to achieve optimal immune suppression. Randomized
clinical trials would be a final step to demonstrate the clinical utility of the equation.

Study design

Patients in which the equation was developed and validated were recruited from the
multicenter observational trial DeKAF Genomics study [21]. Details of the DeKAF
Genomics study have been published elsewhere [22-24] and are registered at
ClinicalTrials.gov (NCT00270712) [101]. The equation was developed in 681 subjects who
were selected from the first 1000 subjects enrolled in DeKAF Genomics. The 795 subjects
reported here were selected from the next 1000 subjects and were used to validate the
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equation. Thus, the validation cohort was comprised of a completely separate set of
transplant recipients from the development cohort. Approval was obtained from the
Institutional Review Board Human Subjects Committees at each of the parti cipating
centers. All subjects provided written informed consent. Subject inclusion and exclusion
criteria, data collection and analysis for the validation cohort were identical to that of the
cohort of patients used for development of the equation [21]. Briefly, patients with end-stage
renal dysfunction undergoing kidney or kidney—pancreas transplant who were =18 years of
age and received tacrolimus (Prograf) at any time in the first 6-months post-transplant were
selected for this validation analysis. Clinical data were prospectively collected from the
medical records. Tacrolimus trough concentrations were obtained as part of clinical care at
the treating center after either once- or twice-daily oral dosing of tacrolimus. Data were
collected for the first 6-months post-transplant. Initial tacrolimus doses were based on
bodyweight (mg/kg) as per standard clinical practice at each site. Subsequent doses were
adjusted by TDM to achieve institution-specific targets (in general, troughs of 8-12 ng/ml in
the first 3 months post-transplant and 6-10 ng/ml in months 3-6 post-transplant). Two
trough concentrations were extracted from the medical record in each of weeks 1-8 post-
transplant and twice in each of months 3, 4, 5 and 6 post-transplant. Identical to the dosing
equation development, only troughs after day 2 post-transplant were included in this
validation to ensure that tacrolimus was at or near steady state. Genotyping for CYP3A5*1
was conducted in all individuals and was previously described [21].

Statistical analysis

The data were analyzed using the R 12.2.0 statistical package. For each observed tacrolimus
trough (Cgps) in the validation cohort, a corresponding CL/F was estimated using the
previously developed tacrolimus equation (equationl). The authors’ previously developed
equation estimated CL/F, since tacrolimus was given by the oral route. From each CL/F
estimate, a predicted trough (Cpreq) Was then determined for each Cyys in the validation
cohort (Equation 3).

dose administered x 1000
Cpred (ng/ml) = ) (3)

CL/F

where dose administered is the total daily dose of tacrolimus administered in mg divided by
24 hand CL/Fisin I/h.

Predictive performance of the equation was evaluated in two ways: absolute performance for
the initial trough concentrations prior to dose adjustments based on TDM information; and
relative performance for all trough concentrations over the entire 6-months post-transplant
compared with a basic apparent clearance model. The initial trough was defined as the first
trough measured at steady state in the first week post-transplant. To ensure that tacrolimus
was at or near steady state, only troughs after day 2 post-transplant were used in this
validation. The mean half-life of tacrolimus is approximately 12 h, and therefore, steady
state would be achieved in approximately 60 h (2.5 days) [25]. The concomitant use of
CYP450 inhibitors or inducers (e.g., steroids) to make a determination of steady state was
not considered. However, the steroid effect in the development of the equation using the
transplant center as a covariate, that is, having a different CL/F for a recipient receiving
transplant at a steroid-sparing center versus not, was indirectly accounted for. The use of
steroids (or not) was a center-specific practice. The predictive performance of initial and all
troughs was assessed by calculation of the bias and precision of the equation using
prediction errors.

First, for the initial troughs (n = 412 troughs), the absolute predictive performance was
evaluated with prediction errors and given as bias and precision of the troughs predicted by
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the equation relative to the Cqps. Prediction error (PE;) was defined to be the difference
between Cpreq Obtained from the equation and the Cops (Which were derived from weight-
based dosing [mg/kg]) (Equation 4). Bias and precision was calculated as the median
prediction error (MPE) (Equation 5) and the median absolute prediction error (MAPE)
(Equation 6), respectively. A 95% confidence interval for these medians was calculated
based on binomial probabilities [26].

PEiZCpred,i - Cobs,i 4

where Cpreq,i is the equation-predicted it trough, and Cops,i is the observed it trough.

MPE (bias) =median (PE;) (5)
MAPE (precision) =median (|PE;|) (6)

Second, the relative predictive performance was evaluated over the entire 6 months (n =
13,698 troughs). Relative performance of this model was assessed by comparing it with a
basic apparent clearance model (derived from the original model before incorporation of
clinical and genetic variables into the model, (Equation 7) [21].

Basic tacrolimus apparent clearance,

CL/F=29.7 1/h ()

The assessment was carried out using the Wilcoxon signed-rank test applied to the paired
differences (Dj) of the median errors (Equation 8) for relative bias, and to the paired
differences of the median absolute error (Equation 9) for relative precision [27].

D;=PE;; - PEy; (8)

D;i=[PEi| — [PEz| (9)

where PEqj was the prediction error from the equation and PEy; was the prediction error
from the basic apparent clearance model in the ith trough concentration (Equation 7).

For assessing relative bias, the null hypothesis (Hp) was that the median of the prediction
errors of the two methods (equation and basic apparent clearance model) are the same. For
the assessment of precision, the Hg was that the median of the absolute prediction errors of
the two methods (equation and basic apparent clearance model) are the same. A p < 0.001
was evidence in favor of rejection of Hyp and was indicative of a difference in bias and
precision of the two methods.

The demographics of subjects in the development and validation cohorts are shown in Table
1. The observed versus predicted troughs for the initial troughs are shown in Figure 1. The
absolute predictive performance of the equation for the initial troughs is given in sox 3. For
the initial troughs, the equation had a MPE (bias) of 0.2 ng/ml and a MAPE (precision) of
1.8 ng/ml. Thus, the initial troughs were slightly overpredicted by the equation on average
by 0.2 ng/ml compared with the actual C,s. The precision was within + 18% for a trough of
10 ng/ml and within + 15% for a trough of 12 ng/ml. The relative predictive performance of
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the equation for all the troughs in the first 6 months post-transplant is given in Table 2. The
relative performance of the equation was assessed relative to a basic apparent clearance
model (Equation 7). The predictive performance of the equation to predict troughs had a
MPE (bias) of 0.3 ng/ml and a MAPE (precision) of 2.9 ng/ml. Both MPE (0.5 ng/ml) and
MAPE (3.6 ng/ml) were higher for the basic apparent clearance model in predicting trough
as compared with the equation. From the Wilcoxon signed-rank test for relative bias and
precision, the p-value was <0.001 for bias as well as precision. This supported the rejection
of the Hg and indicated that the median differences from the two methods were different.
Since the bias and precision were better for the equation as compared with a basic apparent
clearance model, the equation was superior to the basic apparent clearance model in
predicting the trough concentration for all the observed trough concentrations in the first 6-
months post-transplant.

Discussion

Low tacrolimus troughs in the early post-transplant period have been associated with a
higher rate of acute rejection [20]. Mean trough concentrations in the first week post-
transplant have been shown to be significantly different between rejectors and nonrejectors
[28,29]. Assuring that all patients are within the therapeutic target in the early post-
transplant period would improve therapy [29]. Therefore, how closely the equation could
predict the actual observed initial tacrolimus trough concentrations was tested. The bias of
the equation for the initial troughs was low (0.2 ng/ml). Moreover, the precision for the
equation (1.8 ng/ml) was good (i.e., less than + 20% for a trough of 10 ng/ml).

The performance of the equation was also evaluated using all troughs from the first 6-
months post-transplant relative to troughs predicted using a basic apparent clearance model
that was derived from the authors’ previous work in kidney transplant recipients (Equation
7). This is a naive predictor of CL/F since it does not take into account clinical or genetic
factors that may affect apparent clearance. The bias and precision of the equation in
predicting troughs was significantly better compared with the basic apparent clearance
model. This is likely because the equation accounts for important clinical factors such as
age, comedications (such as calcium channel blocker) and genetic factors such as the
CYP3A5*1 status [30]. A naive CL/F is similar to current clinical practice where all subjects
receive approximately the same tacrolimus dose (0.08-0.09 mg/kg/day) based on
bodyweight. In the authors’ previous analyses, the authors were unable to show that weight
was an important determinant of trough. Therefore, the use of weight-based dosing for
tacrolimus is probably of limited benefit in tailoring therapy [18,19,21]. For all troughs in
the first 6-months post-transplant, the equation had a bias of 0.3 ng/ml and a precision of 2.9
ng/ml (i.e., less than £ 30% for a trough of 10 ng/ml). It is believed that the relative
performance may be more relevant than the absolute performance for all troughs since the
bias and imprecision is expected to be inflated. This inflation is likely because the reference
is a trough measurement that is derived from TDM, which incorporates all available clinical
information. It is not un expected that it would have better performance than the equation,
which is based on a few covariates. The lower predictive performance of the equation using
all troughs might be attributable to factors such as unknown drug interactions,
noncompliance and development of comorbid conditions that are more likely to occur later
post-transplant. In addition, dosing is less closely supervised in the later months post-
transplant, which may affect the exactness of the trough measurements thereby reducing
performance.

Predictive performance analyses suffer from the limitation that reasons for a low predictive
performance is never clear. In this case, the lower predictive performance of the equation for
all troughs may be attributed to the equation itself or inaccuracies in the reference (which in
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this case is the Cyp). For example, the Cqps may not have been obtained at the ideal trough
time point, the patient might be noncompliant, unknown drug interactions might be
occurring and there might be substantial variability in the assay. When there is inaccuracy in
Cobs, the bias and imprecision of the equation is overestimated [27].

Other possible reasons for poor predictive performance is that the equation is misspecified
or lacks one or more relevant clinical or genetic factors. The equation does not contain
adjustments for every possible medication that may interact with tacrolimus. However,
many of the common potential interacting medications were tested during the development
phase of the equation (e.g., ACE inhibitors and antiviral agents) and did not influence CL/F
[18,21]. There is a known drug interaction between tacrolimus and mycophenolic acid
(MPA) that results in alterations in the MPA concentrations (not tacrolimus) and therefore,
concomitant MPA use is not relevant towards the equation [31]. In addition, disease states
that might affect absorption and/or gastrointestinal transit time (e.g., gastroparesis,
malabsorption and diarrhea) was not recorded. The authors previously tested for race in the
cohorts and it was not a significant covariate. However, African—American race is highly
correlated with CYP3A5%*1 genotype. Therefore, it was difficult to distinguish between
effects of race and genotype. Consequently, it was not possible to quantify these types of
effects with the available data.

In general, the validity of equations can be tested by using either an internal or independent
external population. The authors chose to validate the equation using an external cohort of
subjects, which is considered more rigorous than an internal validation. However, it has the
caveat that if the predictive performances are not reasonable, it is unfeasible to ascertain
whether the unreasonable performance is due to a difference between the populations
(development and validation cohort) or due to a model misspecification [32].

Conclusion

In conclusion, we conducted a validation of our equation in an independent cohort of kidney
transplant recipients. The bias and precision was good for the initial troughs. The low bias
(overprediction of 0.2 ng/ml) and high precision (error of less than + 20% for troughs of 10
ng/ml) demonstrated the ability of the equation to predict initial troughs. Consequently, we
believe that the equation can be safely used for predicting initial troughs. Acute rejection is
an early event with two-thirds of events occurring within the first 3-months post-transplant
and fewer between months 4 and 6 post-transplant. It has been shown that low exposure to
tacrolimus as early as the first week post-transplant is a predictor of early acute rejection
[29]. Therefore, any tools to predict troughs with an equation such as the one we developed
may get patients to reach the therapeutic dose faster and reduce the number of out-of-range
troughs and dose changes required. The ability to predict troughs based on an equation
instead of the traditional trial and error dosing approach may lower overall costs of
monitoring. The cost associated with genotyping may be recovered by the reduction in the
number of trough levels obtained and staff utilization. A study to prospectively apply the
equation to dose selection is needed in the future. Comparison of the cost-benefit ratio of
TDM with and without this equation was outside the scope of this study. The future of
pharmacogenomics is dependent upon developing simple clinical tools that can translate
genetic association findings into the clinical environment. Studies such as this demonstrate
the potential value of genetics-based dosing equations.
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Executive summary

Tacrolimus pharmacogenomics

W Tacrolimus has a narrow therapeutic range and low troughs are associated with
rejection and increased troughs are associated with toxicity.

B CYP3ADS primarily metabolizes tacrolimus and the genetic variation in the
CYP3A5 gene is associated with significant changes in clearance of tacrolimus.

B We recently developed a dosing equation for tacrolimus that estimates an apparent
tacrolimus clearance for an individual using the following clinical and genetic
factors: days post-transplant, CYP3A5%*1 genotype status, transplantation at a
steroid-sparing transplantation center, age at the time of transplant and the use of
calcium channel blocker. From the calculated tacrolimus clearance, the tacrolimus
dose can be calculated.

Validation of dosing equation

M Validation was done by predictive performance of the equation using bias and
precision.

M For initial troughs, the equation had a bias of 0.2 ng/ml and a precision of 1.8 ng/
ml. The equation did less well for all troughs in the first 6-months post-transplant
and had a bias of 0.3 ng/ml and a precision of 2.9 ng/ml.

H The clearance equation performed better than a basic tacrolimus clearance model,
which assumes the same apparent clearance for all transplant recipients.

Conclusion

M The equation can be safely used for predicting initial clearance from which dose
can be determined. For predicting all troughs, the equation performs better than a
basic apparent clearance model.
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Figure 1.
Initial observed troughs versus the initial troughs predicted by the clearance equation (n =
412).
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Characteristics of subjects in the equation development and validation cohorts.

Table 1

Characteristic Development cohort ~ Validation cohort
Subjects (n) 681 795

Age (years) of recipientf 50.2+12.2 50.5+13.2
Baseline weight (kg) of recipientf 813+187 830+193
Gender of recipient, male/female (%) 429 (63)/252 (37) 499 (63)/96 (37)
Race (non-African—American/African-American) 538 (79)/143 (21) 652 (82)/143 (18)
Transplanted at a steroid-sparing center, n (%) 205 (30) 100 (12.6)

Living donor, n (%) 398 (59) 465 (58.5)
Troughs (n) 11,823 13,698

Mean tacrolimus daily dose (mg/kg)’t 0.08+0.05 0.09+0.05

Mean tacrolimus trough (ng/ml)’t 8.31+348 8.53 341
Patients with troughs <8 ng/ml, n (%)

- Week 1 413 (75) 476 (60)

- Week 2 331 (55) 375 (47)

Calcium channel blocker use§, n (%) 5082 (43) 5843 (43)
CYP3A5 genotype (rs776746), n (%)

—*1*1 72 (11) 75 (9.4)

-*1*3 129 (19) 147 (18.5)
-*3*3 476 (70) 573 (72.1)

fReported age and baseline weight are those measured at the time of transplant and are given as the mean + standard deviation.

fDoses and troughs are over the 6-month study period and are given as the mean = standard deviation.

§Number of troughs collected when calcium channel blocker was used.
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Table 2

Absolute predictive performance in predicting observed tacrolimus troughs using the tacrolimus equation
relative to a basic apparent clearance model with no covariates in the first 6 months post-transplant.

Absolute predictive performance  Equation Basic clearance model

MPE (95% Cl) 03(0.2-04)  05(04-0.6)

MAPE? (95% Cl) 2.9(2.8-2.10) 3.6 (35-3.7)

13,698 troughs in 795 subjects.

MAPE: Median absolute prediction error; MPE: Mean predictor error.
fMean prediction error indicates the bias of the equation in predicting all troughs in ng/ml.

’tMedian absolute prediction errors indicates the precision of the equation in predicting all troughs in ng/ml.
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