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Immunosuppressive drug monitoring – what to use in
clinical practice today to improve renal graft outcome
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Introduction

Combination of powerful immunosuppressive drugs in

renal transplantation has resulted in excellent short-term

patient and graft survival together with very low acute

rejection rates [1–5]. However, all these immunosuppres-

sive compounds are characterized by specific side-effect

profiles and manifestations of toxicity that can ultimately

limit their long-term use [6]. Drug-induced toxicity

(e.g. anaemia, leukopenia, diarrhoea, osteoporosis) may

compromise the use of particular drugs as maintenance

therapy after successful transplantation while others

can cause serious morbidity in recipients [infection, arter-

ial hypertension, hyperlipidaemia, post-transplantation

diabetes mellitus (PTDM)] or reduce allograft survival

(calcineurin-inhibitor induced nephrotoxicity, PTDM).

Tailoring the dose of immunosuppressive drugs according

to specific requirements dictated by the individual patient

profile, in order to minimize side-effects while maintain-

ing adequate immunosuppression, is a challenging goal
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Summary

Therapeutic drug monitoring (TDM) of immunosuppressive therapy is becom-

ing an increasingly complex matter as the number of compounds and their

respective combinations are continuously expanding. Unfortunately, in clinical

practice, monitoring predose trough blood concentrations is often not suffi-

cient for guiding optimal long-term dosing of these drugs. The excellent short-

term results obtained nowadays in renal transplantation confer a misleading

feeling of safety despite the fact that long-term results have not substantially

improved, definitely not to a point where longer graft survival could counteract

the increasing need for transplant organs and less toxicity and side-effects

could ameliorate patient survival. It is therefore a challenging task to try to tai-

lor immunosuppressive drug therapy to the individual patient profile and this

in a time-dependent manner. For the majority of currently used immunosup-

pressive drugs, measurement of total drug exposure by determination of the

dose-interval area under the concentration curve (AUC) seems to provide more

useful information for clinicians in terms of concentration–exposure and expo-

sure–response as well as reproducibility. To simplify this laborious way of

measuring drug exposure, several validated abbreviated AUC profiles, accu-

rately predicting the dose-interval AUC, have been put forward. Together with

an increasing knowledge of the time-related pharmacokinetic behaviour of

immunosuppressive drug and their metabolites, studies are focusing on how to

apply abbreviated AUC sampling methods in clinical transplantation, taking

into account the numerous factors affecting drug pharmacokinetics. Eventually,

TDM using abbreviated AUC profiles has to be prospectively tested against

classic methods of drug monitoring in terms of cost-effectiveness, feasibility

and clinical relevance with the ultimate goal of improving patient and graft

survival.
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in clinical transplantation practice [6]. The currently

available immunosuppressive armament, allowing better

control of acute rejection, enables clinicians to focus on

long-term transplantation-related problems. The objective

of prolonging long-term patient and graft survival has

become even more urgent because transplant waiting lists

are expanding and recipient age is increasing while a

growing demand for donor organs is more often counter-

balanced by the use of marginal donors [7,8]. On the

contrary, the principal reason for renal allograft loss is

still death with a functioning graft, mainly as a result of

cardiovascular disease, infections and malignancies [9]. It

is clear that the negative impact the immunosuppressive

drugs have on the latter, could potentially be ameliorated

by optimizing their dosing [10,11].

A prerequisite for individualizing and optimizing im-

munosuppressive therapy is a reliable methodology of

therapeutic drug monitoring (TDM) that enables clini-

cians to recognize the time-dependent variability in a

drug’s ‘dose–concentration-effect’ relationship. The latter

is not a simple matter as exposure–response relations are

always superimposed on a constant individual genetic

profile, characterized by different polymorphisms of key

molecules (CYP3A4, CYP3A5, MDR1, cMOAT, UGT1A)

involved in the metabolism of immunosuppressive drugs

[12–14] and patient susceptibility for adverse effects [15].

The phenotypic expression and activity of these drug

metabolizing molecules are influenced by a large variety of

clinical variables such as, for example age, gender and

concomitant medication [16–18]. Analysing long-term

drug pharmacokinetics and studying the importance of

clinical variables that can influence the latter will help to

gain insight into the complex relationship between drug

dosing and clinical efficacy and toxicity. These processes

ideally result in the definition of a therapeutic window,

which is clinically used as basis for a target concentration

dosing strategy [19–23]. An additional source of complex-

ity is added by the fact that in clinical practice immuno-

suppressive drug therapy is a combination therapy usually

consisting of two, three or more compounds, each charac-

terized by a unique pharmacokinetic profile and capable

of exercising potentially important influences on each

other [24,25]. Finally, the identification of immunosup-

pressive drug metabolites that influence the pharmacoki-

netics of the parent molecule [26,27] and vice versa

[28,29] and their role in terms of clinical efficacy and tox-

icity [30,31] constitutes another interesting field of recent

research.

In this brief overview an attempt is made to provide

a critical analysis of the current developments in immu-

nosuppressive drug monitoring in renal transplanta-

tion and the implications for clinicians. The aim is to

deduce from clinical research new monitoring concepts

in order to help optimizing long-term patient and graft

survival.

Calcineurin inhibitors

Tacrolimus

There is a growing consensus that predose trough blood

tacrolimus concentrations (C0) do not accurately reflect

total drug exposure as measured by the 12-h dose interval

area under the concentration curve (AUC0)12 h), both in

renal and other solid organ transplantation [32–37]. Espe-

cially when C0 is evaluated for its clinically relevant pre-

dictive accuracy, by calculating the prediction error and

bias [32,35], the usefulness of tacrolimus trough concen-

trations is questionable. Other clinical studies that repeat-

edly showed an excellent correlation between tacrolimus

C0 and AUC0)12 h were often in nonrenal transplantation

[38,39] and failed to examine predictive performance of

C0 as suggested [40]. It seems not surprising that every

single blood concentration sampling time point is prone

to a substantial bias, caused by practical factors such as

the exact method [41] and timing of sampling [23], the

intra- and interassay variability employed for determin-

ation of the blood concentration [21,42], influence of

biochemical variables (e.g. haematocrit) [43], hepatitis C

virus infection [44], (black) race [45], concomitant medi-

cation [18], diurnal variation [33,46] and food intake

[47,48]. Studies prospectively exploring the clinical useful-

ness of alternative single sampling time points [49,50]

failed to ameliorate this inaccuracy. One strategy to

improve predictive performance is to add a second fixed

concentration sampling point, preferably in the distribu-

tive phase of the AUC [32,51] or using a Bayesian fore-

casting model for predicting tacrolimus concentration

based on population pharmacokinetics [52,53]. The for-

mer method implies a second blood sample, taken usually

within the first 4 h postdosing, in order to calculate a

limited sampling model for predicting the 12-h AUC.

With a Bayesian estimation the initial drug concentration

can be predicted using pharmacokinetic parameters

derived from large patient populations, and compared

with the actually measured concentrations. Combining

Bayesian fitting with an established compartmental drug

model, enables the estimation of the dose-interval AUC

using variable instead of fixed sampling times as was

recently demonstrated for cyclosporin [54]. However the

latter method and other alternatives like the use of neural

networks [55], presumes knowledge about (multivariate)

pharmacokinetic modelling and its intrinsic limitations

and pitfalls, as well as access to a computer-based phar-

macokinetic programme. Taking into account the time

required to perform the clinical sampling and the subse-

quent calculation, one has to weigh the advantages of
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using variable sampling time points against the relative

simplicity of obtaining (limited sampling) abbreviated

AUC profiles and calculating the corresponding 12-h

AUC using a simple noncompartmental model. Investiga-

tors have tested various abbreviated tacrolimus AUC

sampling strategies, obtaining the best predictive perform-

ance using a 4-h profile [32,49,56]. A tacrolimus 4-h

abbreviated concentration curve theoretically seems to

provide an acceptable compromise between what is clinic-

ally desired and practically feasible. However, particularly

the practical execution of abbreviated AUC measurements

is rightfully questioned in clinical practice as being cum-

bersome, impractical and costly [23,57,58]. The added

benefit of precise information on drug exposure has to

result in clear clinical advantages for the patient in terms

of graft survival, side-effects and morbidity before one

can justify the additional costs and work involved.

Today, few prospective studies can actually demon-

strate a clear relationship between tacrolimus exposure –

measured as predose trough concentration – and clinical

efficacy and toxicity [59,60]. Data from clinical studies

are usually derived retrospectively [61] or are based on

heterogeneous patient populations [62] or incorporate

surrogate markers for clinical endpoint that are not

always reliable [59,62]. For example, studies using a

nonspecific decrease in renal allograft function, early after

transplantation, as a surrogate marker for calcineurin-

inhibitor related nephrotoxicity, without histological

prove, are prone to error because many confounding fac-

tors immediately after transplantation can influence initial

graft function. In one such trial a target range of whole

blood tacrolimus levels between 5 and 15 ng/ml was

determined as the best compromise between efficacy and

toxicity [59] while Undre et al. retrospectively determined

a minimum predose trough tacrolimus concentration of

10 ng/ml in order to prevent rejection [61]. It is clear at

present, that dosing of tacrolimus according to C0 target

trough levels, derived through trial-and-error experience

from consecutive clinical trials [63], has resulted in a

superior clinical efficacy in the prevention of acute rejec-

tion [3] and a somewhat more favourable cardiovascular

profile compared with cyclosporin A [64,65]. With the

current method of TDM for tacrolimus, based on predose

trough concentrations, clinicians have not been able to

improve patient or graft survival and are still confronted

with a high incidence of calcineurin-inhibitor related

nephrotoxicity, not different from cyclosporin A [66],

and other side-effects such as PTDM [67]. Although the

alternative of obtaining abbreviated AUC concentration

profiles constitutes a strenuous, cumbersome and costly

activity which at first sight seems to be incompatible

with clinical follow-up of renal recipients, prospective

comparative studies are necessary to evaluate the

cost-effectiveness, the feasibility and the clinical relevance

of this intensive method of drug monitoring. For exam-

ple, we were able to demonstrate in a prospective study

involving 100 de novo recipients that patients who simul-

taneously obtained a calculated tacrolimus AUC0)12 h of

150 ng h/ml and an mycophenolic acid (MPA) AUC0)12

of 45 mg h/ml by day 7 post-transplantation, had an inci-

dence of biopsy-proven acute rejection of 7.7% as

opposed to 26.3% for recipients who did not attain these

AUC0)12 h targets by day 7 [68]. At the same time

patients who suffered from infectious complications early

after transplantation, had a significantly higher tacrolimus

AUC0)12 compared with those who were free of infection.

It is therefore practically quite feasible to determine – in

analogy with trough concentrations – a target concentra-

tion window for tacrolimus based on abbreviated AUC

measurements, that could be used clinically in order to

better differentiate between efficacy and avoidance of tox-

icity and with the advantage of a more reliable reproduci-

bility compared with trough levels. However, the practical

ease of classic trough concentration monitoring and the

excellent short-term results obtained in renal transplan-

tation nowadays make it difficult to convince clinicians

that a more laborious and extensive method of drug

monitoring might prove necessary in order to improve

long-term patient and graft survival. One way to sim-

plify the use of target concentration windows based on

abbreviated AUC profiles, is to determine a universally

accepted standardized shortened AUC profile for every

immunosuppressive drug in order to make the compar-

ison easier. Alternatively, calculating the corresponding

average steady-state concentration (Css) from the AUC

would even further facilitate communication across clini-

cians [69].

Another difficulty with defining useful tacrolimus target

concentration ranges is the time dependency of the latter

and the changing influence of clinical and biological fac-

tors [70]. It is obvious that early after grafting higher

immunosuppressive drug concentrations are required in

order to prevent rejection while later on during follow-

up, chronic drug toxicity becomes an important issue

[63,66,68]. As a result, early after transplantation, serious

side-effects are caused by overimmunosuppression (e.g.

infections, PTDM, neurotoxicity). Prior knowledge of

exact individual dose requirements would help to ameli-

orate these side-effects but are difficult to obtain by rout-

ine trough concentrations. In recipients awaiting renal

transplantation, even measuring full or abbreviated AUC

profiles prior to surgery did not enable clinicians to better

predict early dose requirements after transplantation

[71,72], probably because of the high dose corticosteroids

used early after grafting. In cardiac transplant recipients

the use of a 1 mg tacrolimus test dose immediately after
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surgery was helpful in predicting subsequent (twice) daily

dose requirements necessary to avoid acute rejection and

nephrotoxicity [73]. It remains to be determined which

clinically applicable methodology in renal transplantation

can be further developed in order to solve this problem

of identifying early dose requirements and avoiding initial

overimmunosuppression. The establishment of the genetic

profile of the patient with respect to polymorphisms of

key metabolizing molecules (see above) and evaluation of

their respective functional status by using drug probes

[74] will at least in part help to further unravel this

puzzle.

Cyclosporin A

For cyclosporin A part of the questions stated above have

already been answered. Mahalati et al. was the first to

show prospectively that abbreviated 4-h AUC concentra-

tion profiles were superior to C0 with respect to predict-

ing clinical efficacy (prevention of acute rejection) and

nephrotoxicity [75]. Abundant other limited sampling

strategies for cyclosporin were proposed of which several

adequately predicted the full dose-interval AUC [76–79]

and were recently summarized by David and Johnston

[80]. The conclusion of the latter review of 38 studies was

clear: there is no ‘best’ algorithm for estimating cyclospo-

rin AUC from sparse data. The clinician has a choice of

several equations, involving the use of two or three time

points which produce results with similar accuracy and

precision.

Mainly for reasons of practical simplicity a new single

cyclosporin concentration sampling point was derived

form Mahalati’s AUC0)4 data and gave rise to the new

concept of C2 monitoring. Although Mahalati et al. found

C3 as best predictor of the 12-h dose-interval AUC that

correlated with acute rejection and nephrotoxicity during

the first week after transplantation [81], C2 better reflec-

ted the time point of maximal pharmacodynamic effect of

cyclosporin measured as percentage inhibition of cal-

cineurin [82] and suppression of interleukin-2 release

from T cells [83]. The cyclosporin blood concentration

2 h post-dosing was relatively easy and accurate to deter-

mine with different assays [42] and was the best predictor

for the 4-h cyclosporin AUC in subsequent studies [84–

86]. Studies in kidney and liver transplantation validated

the use of cyclosporin C2 monitoring for prevention of

acute rejection and to a lesser extent for reducing cal-

cineurin-inhibitor-induced nephrotoxicity [87–89]. A C2

level ‡1700 ng/ml on day 3 post-transplantation had a

92% negative predictive value for acute kidney rejection

in the first 6 months for recipients without delayed graft

function [85]. This minimal C2 threshold was subse-

quently refined to 1500 ng/ml (on day 7) by the findings

of two other studies in renal recipients, one protocol

with and the other without induction with monoclonal

antibodies against the interleukin-2 receptor [84,86].

Currently the ‘MO2ART’ study, a first prospective multi-

centre trial examining the clinical usefulness of C2 monit-

oring in de novo renal recipients, has shown low acute

rejection rates (11.5%) and excellent patient and graft

survival at 12 months [90]. More importantly, this study

is a first effort in providing guidelines for decreasing tar-

get C2 concentrations during the first year post-transplan-

tation to as low as 700–900 ng/ml in the second half of

the first post-transplant year. If this strategy is beneficial

with respect to adverse events compared with classic pre-

dose trough (C0) (or AUC) monitoring, needs to be

determined in prospective comparative trials. Studies

examining the benefit of cyclosporin C2 monitoring

in chronic maintenance therapy are lacking. In a large

retrospective study in 1032 recipients, C2 concentrations

between 700 and 800 ng/ml were associated with signifi-

cantly better graft function compared with C2 levels above

950 ng/ml [91]. Whether use of a 2-h single concentra-

tion sampling point will help to reduce long-term drug-

related nephrotoxicity remains to be determined in a com-

parative prospective study, focusing at the same time on

other calcineurin-inhibitor related side-effects like arterial

hypertension, hyperlipidaemia and ultimately patient and

graft survival. In a recent trial, 127 long-term renal recipi-

ents were monitored by cyclosporin C2 concentrations in

addition to conventional trough levels and followed over

a period of 13.6 ± 3.1 months [92]. This observational

study revealed that cyclosporin C2 concentrations between

500 and 600 ng/ml (corresponding to C0 concentrations

of ±100 ng/ml) were safe and well tolerated as mainten-

ance therapy in stable chronic recipients but did not, sim-

ilar to C0 levels, allow to differentiate for acute rejection,

cyclosporin toxicity or infectious complications [92]. In

fact, both single concentration time points exhibited a

relevant intra-individual variability, albeit marginally bet-

ter for C2 (coefficient of variation 15.3% vs. 17.2%).

Again, in analogy with tacrolimus, the potential limita-

tions of a single concentration sampling strategy have to

be weighted against the laborious and time-costly meas-

urement of abbreviated cyclosporin (4-h) profiles. How-

ever, despite the ability of C2 concentrations to accurately

predict acute renal allograft rejection, the predictive per-

formance of the 4-h AUC remains superior with reference

to clinical efficacy and toxicity endpoints [75,84,85].

Kaplan et al. was able to show in a small group of recipi-

ents of simultaneous kidney–pancreas grafts that one for-

mal cyclosporin AUC0)12 h, performed 1 month post-

transplantation, was sufficient to identify patients with

poor absorption and recurrent rejection [93]. This small

study illustrates that the measurement of abbreviated
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AUC profiles, even early after transplantation, can be lim-

ited in number without the sacrifice of clinically relevant

information. Based on long-term clinical observational

data, the time-related pharmacokinetic behaviour of cal-

cineurin inhibitors can be identified [70,84,86] in order to

strategically and prospectively plan the optimal time points

post-transplantation on which abbreviated AUC profiles

would provide the most useful and critical information.

Mycophenolate mofetil

The current issues involving TDM for MPA are distinct

from that of calcineurin inhibitors. It is clear in renal

transplantation that predose trough plasma concentra-

tions of MPA do not predict total drug exposure meas-

ured as 12-h AUC and that abbreviated 2-h AUC profiles,

usually obtained by three concentration sampling points

(C0, C30 or C40 and C2), are accurate in predicting total

exposure [94–96]. The free (pharmacologically active)

fraction of the drug is determined by allograft (dys)func-

tion [97–100] through alterations in albumin binding

[101,102] and secondary to increased levels of the glu-

curonide MPA metabolites that are excreted by the

kidney: the inactive MPAG-glucuronide and the pharma-

cologically active Acyl-glucuronide [27,103,104]. The fact

that the latter is also implicated in the occurrence of clin-

ically relevant side-effects like diarrhoea [105] and anae-

mia [27], further complicates the situation. Finally, the

pharmacokinetics of MPA are characterized by a specific

postoperative evolution that is mainly determined by the

daily dose of the drug [106] and the concomitant cal-

cineurin inhibitor [25,28].

In one prospective concentration-controlled clinical

trial a significant relationship was demonstrated between

MPA AUC as well as predose MPA trough concentration

and biopsy-proven acute rejection whereas the daily dose

of MMF was related to side-effects [107]. Patients in the

latter trial received MMF combined with cyclosporin A.

Predefined target MPA AUC values associated with signi-

ficant less rejection varied between 32.2 mg h/l (‘interme-

diate’ group) and 60.6 mg h/l (‘high’ group) in the latter

trial and the actually obtained MPA AUC values at week

20 postoperative even exceeded these targets by 60%

because of over-correction [107]. These wide MPA AUC

targets and the absence of a clear association with side-

effects towards the upper end of the AUC range, made it

difficult to define a therapeutic window. In tacrolimus-

treated patients this relationship was even more difficult

to establish [108]. An MPA C0 threshold for toxicity was

determined at 3 mg/l with a high specificity (91.5%) but

low sensitivity (38.7%) in tacrolimus-treated renal recipi-

ents while the corresponding AUC0)12 threshold was

37.6 mg h/l (sensitivity 83.3%, specificity 59.6%) [109].

We determined in a prospective study in 100 de novo

tacrolimus-treated recipients a therapeutic window

between 45 and 60 mg h/l for MPA AUC0)12 h, based on

abbreviated AUC measurements [68]. The corresponding

C0 levels ranged from 2.5 to 4 mg/l but did not correlate

completely accurate with total exposure and therefore

have to be interpreted cautiously when applying to clin-

ical practice [68]. The reason why in renal transplanta-

tion, contrary to, for example cardiac transplantation

[110], a simple clear-cut relationship between MPA expo-

sure and efficacy cannot be derived, is probably related to

differences in renal function, different kinetics of MPA

metabolites [29] and the fact that these relationships

between exposure and clinical endpoints are time-depend-

ent as one would expect from the natural dynamics of

MPA pharmacokinetics post-renal transplantation [106].

For anaemia we could also demonstrate a relationship

with MPA exposure (AUC), like others [111], as well as

for leukopenia [68]. Other MMF-associated adverse

events like gastrointestinal side-effects were poorly associ-

ated with MPA exposure in our study as shown by others

[112].

In order to address at least some of the problems of

applying abbreviated MPA AUC measurements in clin-

ical practice, a large international multicentre study in

renal transplantation has recently commenced, examining

the clinical relevance of concentration-controlled MMF

dose adjustments based on abbreviated (2-h) target AUC

profiles versus fixed dose treatment. Whether TDM of

MMF is advantageous in terms of both efficacy (preven-

tion of acute rejection) and toxicity will be assessed in

this trial.

mTOR inhibitors

It is without any doubt that TDM is necessary for clinical

application of sirolimus in solid organ transplantation

[113,114]. Numerous studies have demonstrated that, sim-

ilar to calcineurin inhibitors, mTOR inhibitors are charac-

terized by a narrow therapeutic window, highly variable

absorption and large intra- and interindividual variability

in pharmacokinetic behaviour [115,116]. In addition, the

significant pharmacokinetic interaction between sirolimus

and cyclosporin A [117] necessitates concentration monit-

oring each time dose adjustments are performed. However

when sirolimus is used in a low fixed dose of 2 mg/day in

combination with a full dose cyclosporin (separated by

4 h), systematic concentration monitoring can usually be

omitted [115]. The latter implies a minimal obtained

blood sirolimus trough concentration of 5 ng/ml (HPLC-

UV) as this signifies a clinical threshold differentiating for

acute rejection, at least in combination with cyclosporin

[118,119]. Whether long-term association of sirolimus and
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tacrolimus does not cause alterations of both drug’s blood

concentration, remains unclear [120,121]. Reports show-

ing an effect of a standard dose tacrolimus on mainten-

ance low dose sirolimus imply an interaction [121].

Interestingly, significant decreases in tacrolimus exposure

were observed early after transplantation in another report

using low doses of sirolimus [122].

The upper limit of sirolimus exposure, discriminating

the onset of adverse events, was determined around

15 ng/ml in several studies combining the former with

cyclosporin [118,119]. Especially for thrombocytopenia

and hypertriglyceridaemia an exposure–response relation-

ship could be defined. Using receiver operating character-

istic curves, an inflection point for thrombocytopenia of

14 ng/ml, hypertriglyceridaemia of 11 ng/ml and hyper-

cholesterolaemia of 13 ng/ml could be determined [119].

With everolimus, a similar exposure–response relationship

could be discerned for thrombocytopenia and to a lesser

extent for hypertriglyceridaemia and hypercholesterolae-

mia [123,124].

The above data permit us to prudently outline a

therapeutic window for sirolimus between 5 and 15 g/ml

in combination with cyclosporin. However, when

cyclosporin is eliminated from this combination higher

target levels between 12 and 20 ng/ml are advised based

on the results of a large multicentre trial examining the

feasibility of early calcineurin-inhibitor elimination

[125]. As sirolimus seems to induce a different type of

allograft nephrotoxicity, distinct from that of calcineurin

inhibitors [126,127], multiple clinical studies have been

performed examining the role of sirolimus in calcineu-

rin-inhibitor free protocols [1,128,129]. The target con-

centration ranges for sirolimus in these trials have not

yet been completely validated, especially long-term, but

seem to concur with those established in the elimination

trial [125]. Particularly, the combination of sirolimus

with mycophenolate mofetil, corticosteroids and induc-

tion therapy with monoclonal antibodies against the

IL-2 receptor has led to the preliminary definition of a

clinically useful target concentration window (C0:

10–12 ng/ml in the first 6 months post-transplantation

and 5–10 ng/ml thereafter), especially with respect to

avoidance of acute rejection and nephrotoxicity [1].

Combining sirolimus with tacrolimus has proven to be

feasible and effective [4] but has not yet resulted in def-

inite clinical advantages, also because recent trials have a

short follow-up. A validated target therapeutic window

for sirolimus in the latter combination, based on pre-

dose trough concentrations, is currently not available

[4]. However, as severe acute renal failure has been

reported after exposure to sirolimus and tacrolimus

[130], a combined therapeutic target window for both

drugs will be required.

Contrary to calcineurin inhibitors, there seems to exists

a better correlation between predose trough blood siroli-

mus concentration and total dose-interval steady-state

AUC0)24 [119–121]. At this point in time the clinical

necessity and superiority of limited sampling concentra-

tion profiles has not been definitely established [131].

Conclusion

Therapeutic drug monitoring remains the cornerstone of

today’s concentration-controlled management of immu-

nosuppressive therapy in renal transplantation. Despite

the spectacular evolution in pharmacodynamic research,

the progressive unravelling of the individual pharmaco-

genomic profile and the useful application of drug

probes in order to identify drug metabolism, clinicians

still have to rely on classic TDM for daily patient care.

In recent years it has become clear that abbreviated

AUC concentrations are stronger and more reliable pre-

dictors of concentration–exposure and exposure–response

relationships for the majority of currently used immuno-

suppressive drugs. Comparative prospective clinical trials

are necessary in order to objectively weight the advan-

tages of abbreviated AUC monitoring against classic

predose trough concentrations, in terms of cost-effective-

ness, feasibility and clinical relevance with regard to

long-term patient morbidity and mortality and graft sur-

vival. At the same time, it is a challenging task to fur-

ther refine the therapeutic window for the individual

drugs and more importantly for the increasing number

of different drug combinations. In order to do so, large

prospective observational pharmacokinetic studies are

mandatory, carefully examining the relationship between

drug exposure and clearly defined efficacy and toxicity

endpoints. This relationship has to be studied in a long-

term, time-dependent manner in order to recognize

important changes in drug (and drug metabolite) phar-

macokinetics and identify crucial time points after suc-

cessful transplantation for optimal use of abbreviated

AUC monitoring.

Ultimately, obtaining answers to these questions will

enable clinicians to improve long-term patient and renal

graft survival.
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