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Background and Objective
Abstract Therapeutic drug monitoring of tacrolimus whole-blood concentrations is standard care in thoracic organ transplan-
tation. Nevertheless, toxicity may appear with alleged therapeutic concentrations possibly related to variability in unbound 
concentrations. However, pharmacokinetic data on unbound concentrations are not available. The objective of this study 
was to quantify the pharmacokinetics of whole-blood, total, and unbound plasma tacrolimus in patients early after heart and 
lung transplantation.
Methods Twelve-hour tacrolimus whole-blood, total, and unbound plasma concentrations of 30 thoracic organ recipients 
were analyzed with high-performance liquid chromatography–tandem mass spectrometry directly after transplantation. 
Pharmacokinetic modeling was performed using non-linear mixed-effects modeling.
Results Plasma concentration was < 1% of the whole-blood concentration. Maximum binding capacity of erythrocytes was 
directly proportional to hematocrit and estimated at 2700 pg/mL (95% confidence interval 1750–3835) with a dissociation 
constant of 0.142 pg/mL (95% confidence interval 0.087–0.195). The inter-individual variability in the binding constants 
was considerable (27% maximum binding capacity, and 29% for the linear binding constant of plasma).
Conclusions Tacrolimus association with erythrocytes was high and suggested a non-linear distribution at high concentra-
tions. Monitoring hematocrit-corrected whole-blood tacrolimus concentrations might improve clinical outcomes in clinically 
unstable thoracic organ transplants.
Clinical Trial Registration NTR 3912/EudraCT 2012-001909-24.
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1 Introduction

Since 1996, tacrolimus has been used as an immunosup-
pressant in solid organ transplantation. Exposure and out-
come relationships of tacrolimus have been extensively 
studied resulting in a worldwide consensus on its therapeu-
tic window [1]. Nevertheless, there is room for improve-
ment because patients with alleged therapeutic whole-
blood concentrations are still at risk of tacrolimus-related 
toxicity and rejection [2–6]. Tacrolimus extensively binds 
to red blood cells and blood proteins. As a consequence, 

tacrolimus whole-blood distribution is strongly affected by 
hematocrit and protein concentrations, e.g., albumin, lipo-
proteins, and α1-acid glycoprotein [7–11]. While whole-
blood concentrations are commonly used for therapeutic 
drug monitoring, the unbound tacrolimus plasma concen-
trations might be better related to the toxicity and efficacy 
of tacrolimus [8, 12, 13]. In particular, early after heart 
and lung transplantation, the concentrations of red blood 
cells and (lipo)proteins show high intra- and interpatient 
variation [14]. This may give rise to extreme variability in 
unbound tacrolimus concentrations in the clinically unsta-
ble phase after thoracic organ transplantation. Accordingly, 
therapeutic drug monitoring of unbound tacrolimus plasma 
concentrations could improve tacrolimus dosing in unsta-
ble thoracic organ recipients.

Studies investigating the unbound tacrolimus plasma 
concentrations are scarce because the quantification of 
unbound tacrolimus concentrations is bio-analytically chal-
lenging and time consuming [7]. As such, the relationship 
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Key Points 

Tacrolimus is more than 99% associated with eryth-
rocytes. This may result in diminished whole-blood 
concentrations when hematocrit decreases.

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.

Because of the complicated bio-analytical challenges, 
hematocrit-corrected whole-blood concentrations may be 
the most feasible and suitable surrogate for the predic-
tion of clinical outcomes.

tacrolimus,  Prograft® (Astellas Pharma Europe, Leiden, The 
Netherlands), a cell-cycle blocker, an interleukin-2 inhibitor, 
and corticosteroids. Tacrolimus was dosed orally twice daily 
starting with 0.1 mg/kg for the lung recipients and 2 mg 
for the heart recipients on the day of transplantation. Dose 
adjustments were based on whole-blood tacrolimus concen-
trations at 6 a.m. (12 h after administration). The therapeutic 
window ranged from 9 to 15 ng/mL for all patients.

2.2  Tacrolimus Analyses

Twelve-hour profiles of unbound and total tacrolimus 
plasma concentrations together with whole-blood tacroli-
mus concentrations were analyzed daily from the trans-
plantation date until 6 days after transplantation provided 
the patients were admitted to the intensive care unit. Blood 
samples were collected between 6 p.m. and 6 a.m. Blood 
samples for the measurement of unbound and total tacroli-
mus plasma concentrations were drawn at 0, 2 (or 3 in the 
case of cystic fibrosis), 6, and 12 hours after administration 
of tacrolimus and collected in vacutainer tubes of 10 mL 
containing ethylenediaminetetraacetic acid. Blood samples 
were immediately centrifuged at the laboratory of the Uni-
versity Medical Center Utrecht. Then, plasma samples were 
stored at − 80 °C and were analyzed at the end of the study. 
Analyses of unbound tacrolimus plasma concentrations 
were performed as described by Stienstra et al. [16]. The 
method was validated over a linear range of 1.00–200 pg/
mL for unbound tacrolimus concentrations in plasma and 
100–3200 pg/mL for total plasma concentrations. The lower 
limit of quantification was 1.00 pg/mL in ultrafiltrate and 
100 pg/mL in plasma. The inaccuracy and imprecision for 
the determination of unbound tacrolimus concentrations in 
ultrafiltrate and plasma showed a maximum coefficient of 
variation of 11.7% and a maximum bias of 3.8%.

Analyses of whole-blood tacrolimus was conducted using 
high-performance liquid chromatography-tandem mass 
spectrometry (Thermo Fisher Scientific, Eindhoven, The 
Netherlands) with a lower limit of quantification of 0.5 ng/
mL and an intraday imprecision of < 5%. The high-perfor-
mance liquid chromatography-tandem mass spectrometry 
method was adapted from and validated according to the lat-
est European Medicines Agency guidelines [17]. The assay 
has a linear dynamic range of 1–50 ng/mL. Between-run 
and between-day imprecision (measured by a coefficient of 
variation) were within 10% and bias was under 3%. Low, 
median, and high controls were all within 15%. Furthermore, 
results over 5 years from an international inter-proficiency 
testing program for tacrolimus showed that all external 
quality controls were within 15%. The unbound tacrolimus 
concentrations were quantified using the Thermo Scientific 
(Waltham, MA, USA) Quantiva LC-MS/MS system with an 
Ultimate 3000 UHPLC.

between whole-blood and unbound concentrations has not 
systematically been studied and no pharmacokinetic models 
to predict the unbound concentrations based on whole-blood 
concentrations are available at present. Furthermore, a thera-
peutic range of unbound tacrolimus plasma concentrations 
is currently lacking for routine therapeutic drug monitoring 
[7–9, 15].

This study aimed to quantify the pharmacokinetics of 
whole-blood, total, and unbound plasma tacrolimus in 
patients early after heart and lung transplantation. With this 
model, we studied the effect of erythrocyte binding and eval-
uated whether monitoring based on unbound or total plasma 
concentrations is feasible as a predictor of clinical outcomes.

2  Methods

Data were derived from 30 thoracic organ transplantation 
patients comprising ten heart and twenty lung transplanta-
tion patients in the first six days after transplantation. The 
accredited Review Board for Human Studies of the Univer-
sity Medical Center Utrecht approved the study (NTR 3912/
EudraCT 2012-001909-24).

2.1  Patients

All thoracic organ recipients admitted to the intensive care 
unit of the University Medical Center Utrecht between June 
2013 and March 2015 were considered for inclusion. Inclu-
sion criteria were patients aged older than 18 years who 
were treated with tacrolimus and provided informed con-
sent. No patients were excluded because of the exclusion 
criteria: dying within 1 day after admission, known aller-
gies for tacrolimus and macrolides, or retrieving total paren-
teral nutrition. The immunosuppressive regimen contained 
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2.3  Covariates

Clinical and laboratory data were collected for the study 
period for: sex, age, reason for transplantation, type of trans-
plantation, length and bodyweight, the Sequential Organ 
Failure Assessment score, use of extracorporeal membrane 
oxygenation, administration of red blood cells, concentra-
tions of hematocrit, albumin, high-density lipoproteins, 
α1-acid glycoprotein, and pH (see also Table 1 and Table S1 
of the Electronic Supplementary Material [ESM]).

2.4  Population‑Pharmacokinetic Analysis

NONMEM version 7.3.0 was used for modeling tacrolimus 
pharmacokinetics. The Piraña software program version 
2.9.4 was used as an interface for NONMEM and R for Win-
dows version 3.3.1 was used to analyze the results.

2.5  Mixed‑Effects Modeling

An open two-compartment linear model with first-order 
oral absorption best fitted the data. For some dosing occa-
sions, zero order absorption was used. The structural model 
included the following parameters: clearance, inter-com-
partmental clearance, distribution volume V1 and V2, and 
absorption rate constant. The rate of binding of tacrolimus 
within the central compartment to red blood cells and pro-
teins was considered to be much higher than distribution 
to the peripheral compartment and elimination. Therefore, 
whole-blood, total plasma, and unbound plasma concentra-
tions were assumed to be in equilibrium all the time. To 
incorporate total and unbound plasma concentrations, mod-
els for linear binding kinetics (Eq. 1) and models for satura-
ble binding equilibriums (Eq. 2) were tested:

where WBC is whole-blood concentration, Nplasma is the 
non-specific binding constant, UPC is the unbound tacroli-
mus plasma concentration, Bmax corresponds to the maxi-
mum binding capacity, and Kd is the equilibrium dissocia-
tion constant. When the unbound plasma concentration is 
equal to Kd, the WBC is half of the Bmax.

Total plasma concentrations were similarly related to the 
unbound plasma concentrations. As tacrolimus is mainly 
bound to erythrocytes, hematocrit was introduced into the 
model by multiplying Nplasma or Bmax with the observed 
hematocrit with the last observation of hematocrit carried 

(1)WBC = Nplasma × UPC

(2)WBC = Bmax × UPC∕(Kd + UPC),

Table 1  Patient characteristics

AAG  α1-acid glycoprotein, Alb albumin, CMP cardiomyopathy, 
COPD chronic obstructive pulmonary disease, ECMO extracorporeal 
membrane oxygenator, HDL high-density lipoprotein, Ht hematocrit, 
IPAH idiopatic pulmonary arterial hypertension, Q quartile
Normal ranges: aHt; male 0.41–0.50, female 0.36–0.46
b Alb: 35–50 g/L
c HDL: male 0.90–1.70, female 1.10–2.00 mmol/L
d AAG: 0.5–1.2 g/L
e pH: 7.35–7.45

Characteristics N = 30 Median (Q1; Q3)

Male, n (%) 15 (50) –
Age, (years) – 43 (34; 60)
Bodyweight, (kg) – 73.5 (61; 86)
Length, (cm) – 173.5 (169; 176)
Reason for transplantation, n (%)
 Heart (n = 10)
 Ischemic CMP, n (%) 5 (17) –
 Non-ischemic CMP, n (%) 5 (17) –
 Lung (n = 20)
 Cystic fibrosis, n (%) 10 (33) –
 COPD, n (%) 3 (10) –
 IPAH, n (%) 2 (7) –
 Bronchectasis, n (%) 1 (3) –
 Sarcoidosis, n (%) 1 (3) –
 Langerhans cell histiocytosis, n (%) 1 (3) –
 Idiopathic pulmonary fibrosis, n (%) 2 (7) –
 Double lung transplantation, n (%) 18 (90) –

Parameters
 Hta

  Day 1 0.31 (0.28; 0.35)
  Day 2 0.28 (0.25; 0.30)
  Day 3 0.27 (0.25; 0.28)
  Day 4 0.27 (0.25; 0.29)
  Day 5 0.27 (0.24; 0.30)
  Day 6 0.28 (0.27; 0.29)

 Albb

  Day 1 26.2 (22.5; 29.3)
 HDLc

  Day 1 0.84 (0.70; 1.06)
 AAG d

  Day 1 0.89 (0.76; 1.18)
 pHe

  Day 1 7.39 (7.33; 7.43)
 Administration of packed red blood cells, (mL/day)
  Day 1 275 (275; 550)

 Postoperative ECMO frequency, n (%) 8 (27)
 Postoperative ECMO duration, (days) 4 (2; 6)
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forward.Inter-individual variability and inter-occasion vari-
ability were described assuming a log normal distribution 
with the following equation:

where Pkjm is the estimate for parameter k for the jth individual 
at occasion m, θk is the population value for the kth pharmacoki-
netic parameter, ηkj represents the inter-individual variability, 
which is assumed to have a normal distribution with mean 0 
and standard deviation ωk, and κkm represents the inter-occasion 
variability, which is assumed to have a mean 0 and standard 
deviation of πk. The residual error was assumed to be propor-
tional to the predicted concentration:Cij = Cpredij(1 + eij),

,where Cij is the ith observation for the jth individual, Cpredij 

Pkjm = �k ∗ e(�kj+�km),

is the tacrolimus concentration predicted by the model, and eij 
is the difference between Cij and  Cpredij. All values of eij were 
assumed to be normally distributed with mean 0 and standard 
deviation σ. Residual error was separately estimated for whole-
blood, total, and unbound plasma concentrations. The correla-
tion between these residual error components was estimated 
using the L2 data option of NONMEM.

The modeling process was performed using the stochastic 
approximation expectation maximization estimation method 
with interaction. The likelihood was subsequently estab-
lished using the Monte Carlo importance sampling estima-
tion method assisted by mode a posteriori. The parameter 
precision was estimated using the sampling importance resa-
mpling procedure [18]. The values of concentrations below 

Fig. 1  Goodness-of-fit plots of predicted unbound tacrolimus plasma concentrations
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the lower limit of quantification were discarded (3.9%; 46 
values out of 1180). Model diagnostics were performed by 
visual checks of standard diagnostic plots, i.e., ‘goodness-
of-fit’ plots (see Fig. 1).

2.6  Pharmacokinetic Simulation

The effect of hematocrit on unbound tacrolimus plasma con-
centrations was assessed by simulation of unbound plasma 
concentrations for different hematocrit values at a constant 
WBC (9 ng/mL) using final typical parameter estimates.

2.7  Statistical Analyses

Variables are presented as median (with the first and third 
quartiles), range, 95% confidence interval (95% CI), or num-
ber (proportion) where appropriate.

3  Results

3.1  Patient Characteristics

Ten heart and twenty lung transplantation patients were 
enrolled in the study and completed the study protocol. Half 
of the patients were women (15 out of 30; 50%) and the 
median age was 43 years (range 34–60 years). All heart trans-
plantation patients were diagnosed with dilated cardiomyo-
pathy of whom five patients had ischemic cardiomyopathy 
and one patient was diagnosed with giant cell myocarditis. 
Reasons for lung transplantation were cystic fibrosis, chronic 
obstructive pulmonary disease, idiopathic pulmonary arterial 
hypertension, idiopathic pulmonary fibrosis, bronchiectasis, 

Langerhans cell histiocytosis, and sarcoidosis. In Table 1, 
patient characteristics are summarized. For additional infor-
mation on clinical characteristics, see Table S1 in the ESM.

3.2  Descriptive Pharmacokinetics

The total number of whole-blood tacrolimus profiles over 
0–12 h was 119 with a median of five profiles per patient 
(range 1–6 profiles). Ninety total and unbound plasma tac-
rolimus 0- to 12-h profiles were obtained with a median of 
three per patient (range 0–6). The whole-blood, total, and 
unbound plasma pharmacokinetic parameters are shown in 
Table 2. The majority of tacrolimus was associated with 
erythrocytes as plasma concentrations were < 1% of the 
whole-blood concentrations. Tacrolimus unbound fraction 
was < 0.0001 in this population. In Fig. 2a, the observed 
relationship between unbound plasma and whole-blood 
concentrations is shown, suggesting non-linear binding of 
tacrolimus to erythrocytes. The total tacrolimus plasma 

Fig. 2  a Tacrolimus unbound plasma concentrations (UPC) vs. tac-
rolimus whole-blood concentrations (WBC). The figure shows a non-
linear relationship between UPC and WBC. b UPC vs tacrolimus 
total plasma concentrations (TPC). The figure shows a linear relation-
ship between UPC and TPC

Table 2  Pharmacokinetic parameters

C12h concentration at 12  h after administration, Cmax maximum 
C12h, Tmax time to maximum concentration

Observed pharmacokinetics Median (mini-
mum–maximum)

Unbound tacrolimus plasma concentrations
 C12h, (pg/mL) 1.84 (0.42–11)
 Cmax, (pg/mL) 2.97 (0.51–12.2)
 Tmax, (h) 2.3 (1.2–14.0)

Total plasma concentrations
 C12h, (pg/mL) 282 (46–1373)
 Cmax, (pg/mL) 403.5 (61–2640)
 Tmax, (h) 2.25 (0.4–14.0)

Whole-blood tacrolimus concentrations
 C12h, (ng/mL) 9.5 (0.5–38.7)
 Cmax, (ng/mL) 18.5 (2.1–74.7)
 Tmax, (h) 1.6 (0.4–8.0)
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concentrations showed a linear relationship with the 
unbound plasma concentrations (see Fig. 2b). 

3.3  Model Development

We used a two-compartmental model for whole-blood, total, 
and unbound plasma tacrolimus concentrations with mixed 
zero-order and first-order absorption (for a schematic illus-
tration of the pharmacokinetic model, see Fig. 3). To reduce 
model complexity, the parameters related to absorption and 
the associated variability were fixed to the previously esti-
mated values. Non-linear binding to erythrocytes and linear 
binding to plasma proteins best described the data. Further-
more, the Bmax to erythrocytes was directly proportional 
to hematocrit.

Table 3 shows the parameter estimates and precision of 
the final model. The parameter precision was acceptable for 
all relevant parameters, as represented by the small 95% CI 
of the parameter estimates. The residual unexplained vari-
ability was low for the whole-blood concentrations at 16.7% 

(95% CI 15.8–17.6) and higher for the unbound concentra-
tions at 36.3% (95% CI 33.9–40.4) and total plasma concen-
trations at 31.6% (95% CI 28.6–34.2). Substantial correla-
tion of residual variability between whole-blood and plasma 
concentration was found as expected. Goodness-of-fit plots 
of unbound tacrolimus plasma concentrations exhibited 
widely dispersed data around the unity line.

3.4  Results of Pharmacokinetic Modeling 
and Simulations

Large inter-occasion variability in bioavailability was found, 
which dominates inter-individual variability (see Table 3). 
The dissociation constant of distribution to erythrocytes was 
estimated at 0.142 pg/mL (95% CI 0.087–0.195), which is 
relatively high and only indicates a slight non-linear dis-
tribution relevant at high tacrolimus concentrations. How-
ever, this model was superior to a linear binding model. The 
Nplasma for total plasma concentrations was estimated at 
137 (95% CI 120–152), indicating that total plasma concen-
trations were typically 137-fold higher than unbound plasma 
concentrations. Moreover, the inter-individual variability in 
the binding constants was also considerable (27% for Bmax 
WBC and 29% for Nplasma).

Simulations of different hematocrit ratios ranging from 
0.25 to 0.50 at a fixed WBC of 9 ng/mL were conducted. The 
unbound concentration decreased with increasing hematocrit 
and ranged from 1.06 to 2.14 pg/mL. When the hematocrit 
declined from 0.45 to 0.30, the unbound tacrolimus plasma 
concentration showed to be 1.5 times higher. A non-linear 
relationship between unbound plasma and hematocrit was 
observed as shown in Fig. 4.

4  Discussion

This is the first report of a population-pharmacokinetic 
model of whole-blood, total, and unbound tacrolimus 
plasma concentrations. Accumulation of tacrolimus in 
erythrocytes was high relative to plasma concentrations. 
The whole-blood to unbound plasma concentration ratios 
differed with changes in hematocrit and showed saturation 
in the higher range of whole-blood tacrolimus concentra-
tions. Consequently, the combination of high whole-blood 
tacrolimus concentrations with low hematocrit concentra-
tions may result in extremely high unbound plasma con-
centrations and hence, in toxicity. From a theoretical per-
spective, the unbound tacrolimus plasma concentrations 
would be a better surrogate for the prediction of clinical 
outcomes. Yet, the analysis of unbound tacrolimus plasma 
concentrations is challenging and not easily standardized. 
As a linear relationship between total and unbound tacroli-
mus plasma concentrations was found, measurement of total 

Parameters WBC model:
CL
Q
V1
V2
ka

Dose

Central
(1)

Peripheral
(2)

Oral administration
mixed 1- and 0-order absorption

Fig. 3  Schematic representation of the population-pharmacokinetic 
whole-blood concentration (WBC) model for tacrolimus. The cen-
tral compartment, with volume V1, is swiftly in equilibrium with 
the peripheral compartment represented by volume V2. Drug trans-
fer between this peripheral compartment and the central compart-
ment is described with the inter-compartmental clearance parameter 
Q. ka is the absorption rate constant and CL is the whole-blood tac-
rolimus clearance. The unbound plasma concentration of tacroli-
mus (UPC) was computed using a non-linear model, as follows: 
UPC = (WBC  ×  kd1)/(Bmax  ×  Ht  −  WBC), where kd1 is the dis-
sociation constant (fitted parameter), Bmax is the maximum binding 
capacity (fitted parameter), and Ht is the observed hematocrit (last 
observation carried forward). The total plasma concentration (TPC) 
was computed using a linear model, as follows: TPC Nplasma × UPC 
with Nplasma non-specific binding constant for total plasma concen-
trations (fitted parameter)
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plasma concentrations may be considered as an alternative 
predictive biomarker of clinical outcomes. However, the 
accuracy and precision of plasma tacrolimus concentration 
quantification are vulnerable to hemolysis of whole-blood 
samples. To circumvent these bio-analytical challenges, 
hematocrit-corrected whole-blood concentrations may be 
the most feasible and suitable surrogate for the prediction 
of clinical outcomes.

The whole-blood concentrations far exceeded total 
plasma concentrations, indicating that tacrolimus mainly 
distributes within erythrocytes. This is in line with earlier 
reports, although the plasma-to-blood ratio we found was 
considerably lower [8, 15, 19]. We observed a large variabil-
ity in unbound tacrolimus plasma concentrations. Moreover, 
the observed high inter-individual variability in the bind-
ing constants (Bmax WBC and Nplasma) indicates highly 
variable binding of tacrolimus in the central compartment. 
It has been shown that tacrolimus whole-blood apparent 
clearance is inversely correlated to hematocrit and erythro-
cyte count [9, 20–22]. Although comparable with a study in 
pregnant women, we observed a low median and wide range 
in hematocrit in this population compared with studies after 

Table 3  Final population-pharmacokinetic parameters with 95% confidence interval (CI) based on sampling importance resampling

AUC  area under the curve, Bmax maximum binding capacity, IIV inter-individual variability, IOV inter-occasional variability, Cl clearance, F 
bioavailability, h hours, ka absorption constant rate, kd diffusion constant rate, Nplasma total plasma to unbound plasma coefficient, Q inter-
compartmental clearance, R correlation coefficient, RUV residual unexplained variability, SD-PE standard deviation point estimate, T1/2 half-
life, TPC total plasma concentration, UPC unbound plasma concentration, V distribution volume, WBC whole-blood concentration

Parameter Estimated value (95% CI) IIV, (%) (95% CI) IOV, (%) (95% CI)

CL, (L/h) 20.9 (16.8–24.7) 42.1 (30–60)
V1, (L) 220 (187–246) 10 Fixed
Ka, (1/h) 0.579 Fixed 10 Fixed 98.3 Fixed
Q, (L/h) 72.0 (529–767) 10 Fixed
V2, (L) 469 (399–579) 10 Fixed
Bmax (WBC), (pg/mL) 2700 (1750–3835) 27 (19–36)
Kd (WBC), (pg/mL) 0.142 (0.087–0.195) 3 Fixed
Nplasma 137 (120–152) 29 (22–41)
F 1 Fixed 10 Fixed 65 (58–84)

RUV SD-PE (95% CI)

WBC 16.7% (15.8–17.6)
UPC 36.3% (33.9–40.4)
TPC 31.6% (28.6–34.2)

Correlation RUV (WBC, UPC and TPC) R

R (WBC, UPC) 0.26
R (WBC, TPC) 0.51
R (UPC, TPC) 0.51

Parameter Range (minimum–maximum)

AUC (WBC), (μg h/L) 151.2 (31.2–2525)
AUC (UPC), (ng h/L) 266 (10–928)
T1/2 (WBC), (h) 9.4 (6.0–31.4)

Fig. 4  Simulations of different hematocrit values with a fixed whole-
blood concentration of 9 ng/mL. On the y-axis, the unbound tacroli-
mus plasma concentrations are plotted against hematocrit
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liver and kidney transplantation [8, 9, 12, 23]. This may be 
explained by frequent major bleedings peri-operatively, bone 
marrow depression due to inflammation, blood cell transfu-
sions needed to optimize oxygen demand, and hemolysis 
due to the use of extracorporeal equipment, which are all 
common events in thoracic transplant patients in the early 
post-transplant phase. Moreover, we observed a non-linear 
relationship between whole-blood and unbound tacrolimus 
plasma concentrations suggesting saturation of erythro-
cytes. The relatively high dissociation constant indicates that 
binding to erythrocytes was only slightly non-linear in the 
observed unbound concentration range, which is substanti-
ated by the relative large CI of this parameter. Although 
suggested by in vitro observations, saturation has never been 
observed in vivo before [8, 24, 25]. A combination of high 
tacrolimus concentrations with low hematocrit concentra-
tions may result in excessively high unbound concentrations 
and consequently lead to tacrolimus-related toxicity.

Interestingly, the Bmax of erythrocytes showed wide 
inter-patient variability. Different protein content within 
erythrocytes may explain this finding. Tacrolimus is bound 
to the cytoplasmic FK506 binding protein 12 and to a lesser 
extent to the membrane-associated FK506 binding protein 
13 [19, 26–28]. Saturation of these proteins within the eryth-
rocyte is the most logical explanation for this effect [28, 29].

The simulation of unbound tacrolimus concentrations 
with different hematocrit and fixed WBC indicated that 
patients with a low hematocrit tend to have lower whole-
blood concentrations, whilst the unbound concentration is 
around the population mean. In practice, transplant physi-
cians will increase the dose, even though the unbound con-
centrations as well as the total plasma concentrations will 
increase as shown by our data. Increasing the dose may lead 
to higher toxicity by higher unbound concentrations. On 
the contrary, the risk for rejection is low early after lung 
transplantation while prevention from cellular and antibody-
mediated rejection is also controlled with the addition of 
induction therapy with an interleukin-2 receptor antagonist, 
anti-thymocyte globulins, or anti-CD52 monoclonal antibod-
ies next to triple therapy with corticosteroids, an anti-pro-
liferative agent, and tacrolimus [30]. However, a low WBC 
does not imply a low unbound plasma concentration. The 
simulation showed that a decline in hematocrit, e.g., from 
0.45 to 0.30, indicates an increase in the unbound tacrolimus 
plasma concentrations from 1.15 up to 1.77 pg/mL, which 
is 1.5 times higher. For clinical practice, this could mean 
that, at a constant WBC of 9 ng/mL and a decline of hema-
tocrit from 0.45 to 0.30, lowering the dose by 33% should 
be efficacious to control the unbound tacrolimus plasma 
concentration.

Importantly, sample procurement may highly influence 
unbound tacrolimus plasma concentrations. Swift analy-
sis of the samples is important as well as incubation and 

centrifugation temperatures. Hemolysis may influence 
the plasma concentrations whilst no difference was found 
between analyses at 20 °C or 37 °C [15, 31, 32]. In this 
study, blood samples were immediately centrifuged to mini-
mize erythrocyte damage and tacrolimus distribution from 
red blood cells to plasma. Importantly, at lower tempera-
tures (4 °C), affinity to erythrocytes is higher than at room 
and body temperatures [31]. In this study, temperature was 
kept constant during centrifugation and subsequent filtra-
tion at 25 °C to diminish a temperature-dependent effect on 
the binding of tacrolimus to erythrocytes [16]. This vulner-
ability to hemolysis makes analyses of plasma tacrolimus 
concentrations as a routine practice a major challenge. Our 
results concur with previous studies that suggest hematocrit-
corrected whole-blood concentrations could be of use for 
improved target exposure [11, 24, 33]. We assume that only 
correction to hematocrit is sufficient while protein levels 
will not have a large effect on the whole-blood concentra-
tions because the majority of tacrolimus was associated with 
erythrocytes and plasma concentrations were < 1% of the 
whole-blood concentrations. The advantage of monitor-
ing hematocrit-corrected whole-blood concentrations over 
unbound or total plasma concentrations is that it may be 
easily implemented in daily transplantation practice.

The strong aspects of this study are the use of full 12-h 
profiles, the use of high-performance liquid chromatogra-
phy with tandem mass spectrometry for analyses of tacroli-
mus concentrations, and the use of non-linear mixed-effects 
modeling for pharmacokinetic modeling. Earlier studies 
on unbound concentrations were mostly performed with 
immuno-assays, which in itself have large variations and 
may have unreliable results especially in the low range of 
the unbound concentrations [7, 9, 34].

Although a relatively small group of patients was 
included, the number of tacrolimus profiles was sufficient to 
perform pharmacokinetic modeling. We did not examine any 
relationships between the pharmacokinetics and pharmaco-
dynamics of unbound and total tacrolimus plasma concen-
trations in this study. Whether hematocrit-corrected dosing 
diminishes the variability in unbound plasma concentrations 
and subsequent toxicity needs further validation.

5  Conclusions

A two-compartment pharmacokinetic model was designed 
with mixed zero and first-order absorption of tacrolimus 
whole-blood, total, and unbound plasma concentrations in 
thoracic organ recipients in the first week after transplan-
tation. The unbound concentration was mainly influenced 
by the variability in erythrocyte count. Erythrocyte binding 
was saturable. Subsequently, the total or unbound tacrolimus 
plasma concentrations might be better predictors of clinical 
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outcomes. Nevertheless, robust bio-analysis of the unbound 
tacrolimus plasma as well as the total plasma concentrations 
is challenging. Therefore, hematocrit-corrected whole-blood 
concentrations may serve as the most feasible and suitable 
predictive exposure measure to improve clinical outcomes 
and should be further explored in future studies.
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