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Abstract
The calcineurin inhibitor tacrolimus is an effective immunosuppressant and is extensively used in solid organ transplantation. 
In the first week after heart and lung transplantation, tacrolimus dosing is difficult due to considerable physiological changes 
because of clinical instability, and toxicity often occurs, even when tacrolimus concentrations are within the therapeutic 
range. The physiological and pharmacokinetic changes are outlined. Excessive variability in bioavailability may lead to 
higher interoccasion (dose-to-dose) variability than interindividual variability of pharmacokinetic parameters. Intravenous 
tacrolimus dosing may circumvent this high variability in bioavailability. Moreover, the interpretation of whole-blood 
concentrations is discussed. The unbound concentration is related to hematocrit, and changes in hematocrit may increase 
toxicity, even within the therapeutic range of whole-blood concentrations. Therefore, in clinically unstable patients with 
varying hematocrit, aiming at the lower therapeutic level is recommended and tacrolimus personalized dosing based on 
hematocrit-corrected whole-blood concentrations may be used to control the unbound tacrolimus plasma concentrations 
and subsequently reduce toxicity.
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1  Introduction

Tacrolimus has been considered the cornerstone of immuno-
suppressant regimens of solid organ transplantation since the 
late twentieth century. Early after thoracic organ transplanta-
tion, tacrolimus is difficult to dose because of considerable 
physiological changes due to clinical instability. We discuss 
the variability in tacrolimus pharmacokinetics due to these 
physiological changes, and the consequences for therapeutic 
monitoring and dosing.

2 � Efficacy and Toxicity of Tacrolimus

Extensive research has demonstrated the efficacy of tacroli-
mus in solid organ transplantation [1–3]. For instance, acute 
rejection rates after 6 months (biopsy-proven acute rejection 
[BPAR] grade 3A or higher) were shown to be significantly 
lower for tacrolimus (28%) than cyclosporine A (42%) [4].

Although tacrolimus is known to be effective, heart and 
lung transplantation patients often show signs of toxicity and 
rejection [5–8]. Toxicity and rejection both have major con-
sequences for the outcome of heart and lung transplantation, 
with a higher risk for morbidity and mortality [5, 9–11].

Acute kidney injury often evolves into chronic kidney 
disease and appears in approximately half of the patients 
during the first weeks after thoracic organ transplantation [5, 
6]. The occurrence of acute kidney injury has been associ-
ated with supratherapeutic (> 15 ng/mL) whole-blood tac-
rolimus trough concentrations in the first week after thoracic 
organ transplantation [7, 8], and an increasing tacrolimus 
concentration has been associated with higher AKI risk and 
severity [12]. Furthermore, a higher rejection rate has been 
associated with a high variability in whole-blood concentra-
tions after heart and lung transplantation [13, 14]. Therefore, 
it is of the utmost importance to prevent supratherapeutic 
whole-blood concentrations and to reduce the variability in 
tacrolimus concentrations.
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Key Points 

In the first week after thoracic organ transplantation, 
extreme interoccasion (dose-to-dose) variability in 
pharmacokinetic parameters is shown to be higher than 
interindividual variability and is mainly due to excessive 
variability in bioavailability.

The whole-blood to unbound plasma concentration ratios 
differ with changes in hematocrit, and show saturation 
in the higher range of whole-blood tacrolimus concen-
trations, which may increase toxicity in these higher 
concentration ranges.

Due to the complicated bioanalytical challenges, hemato-
crit-corrected whole-blood concentrations may be the 
most feasible and suitable surrogate for the prediction of 
clinical outcomes.

physiological changes) [15]. The systemic inflammation 
resulting in organ dysfunction is due to the surgical pro-
cedure with the application of (extended) extracorporeal 
circulation, as well as ischemia–reperfusion injury of the 
transplanted organ(s) and bleeding with blood transfusions 
[15]. Clinical instability causes a cascade of processes 
influencing all these aspects of tacrolimus pharmacoki-
netics. For instance, gut dysmotility may highly influence 
absorption of tacrolimus that is already limited in stable 
patients, with an estimated bioavailability of around 25% 
[16–18].

Tacrolimus is generally administered orally. Inflamma-
tion may result in reduced blood flow and ileus, reducing 
bioavailability by delaying transport, minimizing luminal 
degradation and dissolution, and decreasing contact with 
the gut wall [19]. On the opposite, increased blood flow 
increases gut motility, shortening transit time and increas-
ing degradation and dissolution of tacrolimus. A sudden 
peak in the blood concentrations may occur.

In the enterocyte, cytochrome P450 (CYP) 3A4/5 
are the main enzymes metabolizing tacrolimus [12, 20, 
21]. Tacrolimus is repeatedly taken up and pumped out 
of the enterocytes into the gut lumen by the transporter 
ATP-binding cassette B1 (ABCB1), increasing the prob-
ability of tacrolimus being metabolized [20]. Shock and 
inflammation decrease the activity of the CYP3A4/5 
enzymes and the ABCB1 transporter [22]. Saturation of 
the CYP3A4/5 enzymes may occur, facilitating tacroli-
mus transport into the blood and resulting in higher uptake 

Fig. 1   Schematic overview of 
tacrolimus pharmacokinetics: 
gut transport, absorption, blood 
distribution, hepatic metabo-
lism, and excretion of tacroli-
mus. CYP cytochrome P450, 
OATP1 organic anion–trans-
porting peptide, ABCB1 efflux 
pump of the ABCB1 cassette, 
RBC red blood cells

3 � Variability in Tacrolimus Pharmacokinetics 
Early After Heart and Lung 
Transplantation

In the first days after transplantation, heart and lung recipi-
ents frequently show a high variability in tacrolimus blood 
concentrations due to clinical instability caused by shock 
and systemic inflammation (see Fig. 1 for a schematic 
overview of tacrolimus pharmacokinetics for the effect of 
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into the blood compartment [22]. Miano et al. showed 
that CYP3A5 and CYP3A4*22 are of relevance for the 
concentration:dose (C/D) ratio in the early phase after 
lung transplantation. Nevertheless, only a small part of 
the C/D ratio is determined by CYP enzyme activity in the 
first week [12]. Initially after lung transplantation, CYP 
enzyme activity may also be influenced by hypoxemia and 
drug–drug interactions, which are not dependent on the 
intrinsic enzyme activity [15]. For instance, corticoster-
oids induce CYP3A enzymes and the ABCB1 transporter 
[23, 24]. Corticosteroids are administered in high doses in 
the first days after transplantation and tapered thereafter, 
increasing tacrolimus absorption. In the blood, tacrolimus 
distributes mainly into erythrocytes and, to a lesser extent, 
to (lipo)proteins (albumin, high-density lipoprotein, and 
α1-acid glycoprotein) [25]. Inflammation, blood loss, and 
blood transfusions may increase unbound concentrations 
by anemia and hypoalbuminemia. Furthermore, extracor-
poreal life support may increase blood volume, decrease 
protein concentrations, and cause hemolysis and seques-
tration of tacrolimus into the equipment. Until now, only 
one study on tacrolimus pharmacokinetics in combination 
with extracorporeal life support has been executed [26]. 
This was an ex vivo study with a pediatric extracorporeal 
circulation, and the researchers found that tacrolimus con-
centrations lowered by approximately 16%, which was not 
as much as expected on lipophilicity alone and may be due 
to the extensive erythrocyte binding. These unfavorable 
clinical conditions alter the pharmacokinetics and induce 
large variations in tacrolimus concentrations.

3.1 � Interoccasion Variability in Tacrolimus 
Pharmacokinetics

Whole-blood tacrolimus concentrations at 12  h post-
administration (C12h) highly vary after heart and lung 
transplantation, and this extremely high dose-to-dose 
variability persists in the first week post-transplantation 
[27]. The study by Sikma et al. showed further that the 
majority of C12h, almost 70%, were out of the target range 
(9–15 ng/mL). Half of the patients displayed subthera-
peutic concentrations and approximately 20% of patients 
displayed supratherapeutic concentrations [28]. Moreo-
ver, the interoccasion (dose-to-dose) variability in phar-
macokinetics was extreme and exceeded the interpatient 
variability [29]. Personalizing the dose based on C12h 
seems to be virtually impossible in clinically unstable 
thoracic organ recipients. Moreover, Bayesian forecasting 
that may improve tacrolimus dosing in clinically stable 
patients may be difficult in clinically unstable thoracic 
organ recipients [30]. However, this does not mean that 

tacrolimus monitoring is redundant; it should still be used 
to prevent toxicity.

The interoccasion variability was mainly caused due to a 
substantial variability in relative bioavailability in patients 
exhibiting clinical instability. Extremely slow (time to reach 
maximum concentration [Tmax > 8 h]) and extremely rapid 
(Tmax < 30 min) absorption was observed. The variability 
in this bioavailability (55%) far exceeded the variability of 
other pharmacokinetic parameters, such as clearance (35%), 
indicating highly variable absorption of tacrolimus [29]. The 
situation totally differs from that of kidney transplant recipi-
ents early after transplantation, in whom bioavailability has 
been shown to be dose-dependent, and with a much smaller 
interoccasion variability of approximately 25% [17, 18]. To 
circumvent this high variability in bioavailability, intrave-
nous administration may be preferred over oral administra-
tion early post-transplantation. Applying tacrolimus intra-
venously may improve tacrolimus dosing despite the higher 
costs and risk of additional nephrotoxicity of the solvent 
HCO-60 [15, 31, 32].

3.2 � Interpretation of Whole‑Blood Tacrolimus 
Concentrations Early After Heart and Lung 
Transplantation

One may even wonder whether the whole-blood tacroli-
mus concentration is an adequate predictor of clinical out-
comes in the early post-transplant phase. Although acute 
kidney injury seems to be associated with supratherapeutic 
whole-blood concentrations, the relation between tacroli-
mus whole-blood exposure and the development of nephro-
toxicity is poor. Even within the therapeutic whole-blood 
concentration range, tacrolimus-associated nephrotoxicity 
arises [2, 3]. Whether monitoring of intracellular tacroli-
mus concentrations and calcineurin activity is better related 
to outcome than whole-blood concentrations is still unclear 
due to the lack of a standardized and validated analysis 
[33–37]; however, in current clinical transplantation prac-
tices, whole-blood tacrolimus concentrations are used for 
therapeutic drug monitoring. Moreover, where toxicity is 
concerned, the unbound tacrolimus plasma concentrations or 
hematocrit-corrected tacrolimus is of importance, but more 
research is warranted [25].

Tacrolimus is particularly distributed into erythrocytes, 
next to being associated with (lipo)proteins (see Fig. 2) [38, 
39]. Within the erythrocytes, tacrolimus is known to be 
highly associated with the FK-binding protein [40–43]. In 
the clinically unstable transplant patient, erythrocyte counts 
may highly fluctuate due to bleeding, red blood cell transfu-
sions, dilution, bone marrow depression, and hemolysis due 
to extracorporeal equipment. This has large consequences 
with regard to the interpretation of the whole-blood con-
centrations, e.g. a decrease in red blood cells decreases 
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whole-blood concentrations, although not necessarily the 
unbound concentrations. To correct for these low whole-
blood tacrolimus concentrations, transplant physicians may 
be enticed to raise the dose; however, raising the dose may 
lead to higher unbound concentrations, posing the patient 
at a higher risk of toxicity, while decreasing, or at least not 
increasing the dose might be more appropriate based on the 
unbound concentration. Moreover, a 12-h whole-blood con-
centration above 15 ng/mL necessitates lowering or discon-
tinuing the dose until concentrations fall below this level. 
Aiming for the lower therapeutic range value in the early 
phase after transplantation may decrease the unbound con-
centration, hence the risk for toxicity. For instance, a 9 ng/
mL concentration could be targeted when the therapeutic 
whole-blood range is 9–15 ng/mL.

3.3 � Hematocrit‑Corrected Tacrolimus Dosing

Although the unbound concentration is known to be 
related to hematocrit, studies investigating the unbound 
tacrolimus plasma concentrations are scarce because 
quantification of unbound tacrolimus concentrations is 
bioanalytically challenging, costly, and time-consuming 
[44]; however, the accuracy and precision of plasma con-
centration quantification is vulnerable to hemolysis of the 
whole-blood sample. As such, the relationship between 
whole-blood and unbound concentrations has not system-
atically been studied and no pharmacokinetic models are 
currently available to predict the unbound concentrations 
based on whole-blood concentrations. Moreover, a thera-
peutic range of unbound tacrolimus plasma concentra-
tions is lacking for routine therapeutic drug monitoring 
[38, 44–46].

Because of the large influence of hematocrit on whole-
blood concentrations, hematocrit-corrected whole-blood 

concentrations may be suitable as a substitute for the pre-
diction of clinical outcomes. Two studies showed that for 
clinically stable renal transplants, hematocrit standard-
ized whole-blood concentrations improved the prediction 
of whole-blood concentrations [18, 47]. Størset assumed 
that when hematocrit increases, the unbound concentra-
tion remains similar, which may be an incorrect assump-
tion in patients with lower hematocrit fractions [18]. The 
relationship between whole-blood and plasma tacrolimus 
concentrations has shown to be non-linear [48]; there-
fore, hematocrit-corrected tacrolimus dosing could be 
more appropriate. No validation studies on hematocrit-
corrected whole-blood concentrations versus measured 
unbound or total plasma concentrations are currently avail-
able. In clinically unstable patients with varying hemato-
crit, tacrolimus personalized dosing based on hematocrit-
corrected whole-blood concentrations may be used to 
control the unbound tacrolimus plasma concentration and 
subsequently reduce toxicity. Therapeutic drug monitoring 
based on hematocrit-corrected whole-blood concentrations 
may be directly implemented in daily practice and may 
improve tacrolimus dosing in clinically unstable thoracic 
organ recipients in order to reduce toxicity and rejection.

4 � Conclusions

Tacrolimus pharmacokinetics differ between clinically 
stable and clinically unstable patients, such as thoracic 
organ recipients. This results in higher rates of tacrolimus 
nephrotoxicity in these latter patients. In unstable thoracic 
organ recipients, a large interoccasion variability in rela-
tive bioavailability makes pharmacokinetic-guided dosing 
of orally administered tacrolimus of limited added value. 

Fig. 2   A theoretical representation of a decrease in erythrocyte and 
albumin concentrations resulting in changes in whole-blood, total 
plasma, and unbound tacrolimus concentrations. a Hematocrit and 
albumin in normal ranges. b Decreased erythrocyte count with a 

decrease in whole-blood concentration and an increase in unbound 
concentration. A decrease in albumin concentration may increase the 
unbound plasma concentration to a lesser extent
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Within the blood compartment, erythrocyte concentrations 
appear to be an important factor to consider as tacroli-
mus is mainly associated with these cells. In clinically 
unstable thoracic organ transplant patients, erythrocyte 
concentrations are highly variable, subsequently changing 
the unbound tacrolimus concentrations. To improve tac-
rolimus personalized dosing in the future, we recommend 
administering tacrolimus intravenously and aiming at the 
lower therapeutic range value in the first days after trans-
plantation. Monitoring hematocrit-corrected whole-blood 
concentrations may further improve tacrolimus dosing.
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