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Aims: Pregnancy after kidney transplantation is realistic but immunosuppressants
should be continued to prevent rejection. Tacrolimus is safe during pregnancy and is
routinely dosed based on whole-blood predose concentrations. However, maintain-
ing these concentrations is complicated as physiological changes during pregnancy
affect tacrolimus pharmacokinetics. The aim of this study was to describe tacrolimus
pharmacokinetics throughout pregnancy and explain the changes by investigating
covariates in a population pharmacokinetic model.

Methods: Data of pregnant women using a twice-daily tacrolimus formulation
following kidney transplantation were retrospectively collected from 6 months
before conception, throughout gestation and up to 6 months postpartum. Pharmaco-
kinetic analysis was performed using nonlinear mixed effects modelling. Demo-
graphic, clinical and genetic parameters were evaluated as covariates. The final model
was evaluated using goodness-of-fit plots, visual predictive checks and a bootstrap
analysis.

Results: A total of 260 whole-blood tacrolimus predose concentrations from 14 preg-
nant kidney transplant recipients were included. Clearance increased during preg-
nancy from 34.5 to 41.7 L/h, by 15, 19 and 21% in the first, second and third
trimester, respectively, compared to prior to pregnancy. This indicates a required
increase in the tacrolimus dose by the same percentage to maintain the prepregnancy
concentration. Haematocrit and gestational age were negatively correlated with
tacrolimus clearance (P < 0.01), explaining 18% of interindividual and 85% of interoc-
casion variability in oral clearance.

Conclusions: Tacrolimus clearance increases during pregnancy, resulting in decreased

exposure to tacrolimus, which is explained by gestational age and haematocrit. To
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maintain prepregnancy target whole-blood tacrolimus predose concentrations during

pregnancy, increasing the dose is required.
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1 | INTRODUCTION

Many successful pregnancies have been reported after solid organ
transplantation (SOT).2~3 However, SOT recipients require immuno-
suppressive treatment to prevent graft rejection, also during gestation
in transplanted women.*®> One of the safest immunosuppressants
during pregnancy is tacrolimus, a calcineurin inhibitor.>” Tacrolimus
has a narrow therapeutic window and a high intra- and interindividual
pharmacokinetic variability.® To maintain adequate exposure to tacro-
limus, therapeutic drug monitoring (TDM) is routinely performed after
transplantation.” However, during and due to pregnancy, physiological
changes in absorption, distribution, metabolism and elimination occur
which affect the pharmacokinetics of tacrolimus (reviewed in Le et al.)
and complicate TDM.”

Tacrolimus is absorbed in the small intestine and colon, but this is
countered by efflux mediated by the drug transporter protein
ABCB1.1°!! Since oestradiol and oestrogen, both increasingly pro-
duced by the placenta along the course of pregnancy, are able to
induce ABCB1 in renal tissue, placental tissue and an in vitro model of

human intestinal epithelial cells,*>2

this might also occur in the intes-
tine resulting in decreased tacrolimus bioavailability.

During pregnancy, the volume of distribution (Vd) of tacrolimus
increases as a result of an increase in total blood volume of ~50%,
while erythrocyte count also increases, but relatively less, with
~18% (resulting in a dilutional anaemia), and a decrease in tacrolimus
binding proteins, such as albumin and al-acid glycoprotein.t4-1¢
Since tacrolimus binds excessively, for 85-95%, to erythrocytes and
plasma proteins, changes in Vd may lead to a decrease in whole-
blood tacrolimus concentrations and an increase in the unbound
tacrolimus fraction in plasma (which is normally <0.1%).Y7 The
erythrocyte-bound tacrolimus is thought not to be therapeutically
active since only free drug molecules are able to cross cellular
membranes and bind to its receptors at the target site.'®?
Hence, the increase in the free fraction of tacrolimus (the pharmaco-
logically active tacrolimus) during pregnancy may be of clinical
importance.

The metabolism of tacrolimus is affected by the increased activ-
ity of the cytochrome P450 (CYP) enzyme system, mostly CYP3A4
and CYP3A5,20 which form the main route of tacrolimus elimina-
tion.?! Kidney transplant recipients carrying the CYP3A5*1 allele
(CYP3AS5 expressers) have a 1.5-2-fold higher apparent clearance
after oral administration (CL/F), compared to recipients homozygous
for the CYP3A5*3 allele (CYP3A5 nonexpressers).?? The CYP3A4*22
allele is associated with reduced protein activity, requiring a 20%

lower tacrolimus dose compared to recipients carrying the CYP3A4*1

What is already known about this subject

e Physiological changes in the absorption, distribution,
metabolism and elimination affect the pharmacokinetics
of tacrolimus during pregnancy.

e The increase in total blood volume during pregnancy
leads to a relative decrease in tacrolimus binding sites, e.
g. erythrocytes and plasma proteins, which may lead to a
decrease in whole-blood tacrolimus concentrations
and an increase in the unbound tacrolimus fraction in
plasma.

e Pregnancy after a solid organ transplantation is realistic,
but comes with an increased risk for many adverse repro-
ductive outcomes. Appropriate management of tacroli-
mus therapy during pregnancy is therefore of utmost
importance and a better understanding of the changes in
tacrolimus pharmacokinetics may allow for more tailored

treatment.

What this study adds

o The biggest decrease in whole-blood tacrolimus concen-
trations is observed in the first trimester, and the tacroli-
mus concentration decreases a bit further during the
second trimester. This lower concentration remains stable
during the last trimester and rapidly increases to normal
concentrations postpartum.

e Haematocrit and gestational age are inversely correlated
with tacrolimus apparent oral clearance.

e To maintain tacrolimus whole-blood concentrations
in the target range, a dose increase during pregnancy is
required.

e Since the greatest change in apparent clearance occurs in
the first trimester, more frequent monitoring during
this period and whenever changes in haematocrit occur is

advised.

allele. 2225 The P450 oxidoreductase (POR) enzyme also influences
tacrolimus CL/F as the POR*28 allele increases the metabolism of

tacrolimus, and thus a higher dose requirement in CYP3A5
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expressers. 2427 Williams et al.%>° demonstrated that high oestrogen
concentrations decrease CYP3A4 activity and increase CYP3A5
activity throughout gestation. Zheng et al.1® reported that the mean
tacrolimus CL/F during pregnancy increases by 39% compared with
postpartum.

Finally, an increase in renal plasma flow of 50-85% as a result of
renal vasodilatation during pregnancy, leads to an increased glomeru-
lar filtration rate. This results in a higher renal excretion of nonmeta-
bolized tacrolimus.?*

Although pregnancy after SOT is a realistic option, these pregnan-
cies have a substantially increased risk for many adverse reproductive
outcomes, such as pre-eclampsia, gestational hypertension, renal graft
impairment, preterm birth, lower birth weight and intrauterine growth
restriction.31 3> In addition, to prevent graft rejection, appropriate
management of tacrolimus therapy during pregnancy is of utmost
importance. Data on changes in tacrolimus pharmacokinetics and its
exposure in pregnant kidney transplant recipients are scarce. A better
understanding of the changes in tacrolimus pharmacokinetics that
occur during pregnancy may allow for more personalized treatment
during this critical phase of the life course of female transplant recipi-
ents. The aim of this study was to describe the pharmacokinetics of
tacrolimus in pregnant kidney transplant recipients with a population

pharmacokinetic (popPK) model.

2 | METHODS

21 | Patient selection and data collection

This was a retrospective study, which was approved by the Medical
Ethical Review Board of the Erasmus MC, University Medical Center,
Rotterdam, the Netherlands (MEC number 2021-0817). This study
was conducted in accordance with the Declaration of Helsinki. All
women aged >18 years, who had a successful pregnancy after a kid-
ney transplantation from the year 2000 onwards (tacrolimus was
introduced as the primary immunosuppressant after kidney transplan-
tation in 2000) and were followed at the outpatient clinic of the
Erasmus MC, and used the twice-daily oral tacrolimus formulation
Prograf (Astellas Pharma, Leiden, The Netherlands) throughout gesta-
tion, were eligible for enrolment. If a woman had multiple pregnancies,
only the first was taken into account.

Demographic and clinical data were collected from the patients'
electronic files. All administered tacrolimus doses and all available
tacrolimus whole-blood predose concentrations were collected. The
data was collected from the 6-month period prior to conception,
throughout gestation and up to 6 months postpartum.

Body composition parameters were calculated according to the

following formulas¢:

e Body mass index = (weight in kg) / (height in m)%;

e Lean body weight (LBW) = 1.07 x weight in kg — 148 x (weight
in kg / height in cm)?;

o Body surface area = V(height in cm x weight in kg / 3600).

BRITISH 3
3 PHARMACOLOGICAL:
| SOCIETY
>

2.2 | Tacrolimus dosing regimen

Whole-blood predose concentrations (Cy) were measured at the
attending physician's discretion aiming for a tacrolimus Cy of 5-
8 ng/mL.

2.3 | Tacrolimus concentration measurement
Tacrolimus concentrations in whole-blood were measured utilizing
3 different methods: antibody conjugated magnetic immunoassay
(ACMIA); enzyme multiplied immunoassay (EMIT); or validated liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Samples
from 2000 to 2012 were measured with ACMIA, from 2013 to 2015
with EMIT and from 2016 on with LC-MS/MS. Quantification ranges
differ for the 3 analytical methods. For ACMIA, it was set between
1.5 and 30 ng/mL, EMIT between 2.0 and 30 ng/mL, and LC-MS/MS
between 1.0 and 35 ng/mL.3” All concentrations below the lower limit
of quantification were excluded from the analysis.

24 | Genotyping

All patients were genotyped as part of the ongoing Biobanking pro-
gramme of the division of Nephrology and Transplantation, which
includes DNA isolation and pharmacogenetic genotyping (MEC num-
ber 2010-022). Genotyping of CYP3A4*22 15389C>T (rs35599367),
CYP3A5*3 6986G>A (rs776746) and POR*28 1508C>T (rs1057868)
single-nucleotide polymorphisms (SNPs) was performed according to
standard laboratory procedures in an 1SO15189-certified laboratory.
CYP3A4*22 15389C>T and CYP3A5*3 6986G>A genotyping was per-
formed using Autogenomics INFINITI CYP450 3A4-3A5 Assay
(Autogenomics, Carlsbad, CA, USA) on the INFINITI High Throughput
System (HTS), according to the instructions of the manufacturer.
While POR*28 1508C>T was determined with the TagMan allelic dis-
crimination assay (C___8890131_30; ThermoFisher Scientific).

2.5 | PopPK modelling

Pharmacokinetic analysis was conducted by nonlinear mixed effects
modelling using NONMEM version 7.5.1 (FOCE, ICON Development
Solutions, Ellicott City, MD, USA). PsN (version 5.0.0), Pirana (version
3.0.0), R (version 4.2.1) and Xpose (version 4) were used for data man-

agement and graphical diagnostics.

2.6 | Base model development

A popPK model describing the pharmacokinetics of tacrolimus in de
novo adult kidney transplant recipients, based on whole-blood
concentrations (predose and full pharmacokinetic profiles) in n = 337

patients, was developed earlier.®” This popPK model was
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prospectively tested in n = 59 de novo kidney transplant recipients,
demonstrating a higher proportion of patients within the tacrolimus
target range at Day 3 post-transplantation compared to a historic con-
trol group with a bodyweight-based starting dose (58 vs. 37.4%,
respectively).3® This two-compartment model with first-order absorp-
tion and linear elimination from the central compartment was used as
a reference model. Five parameters, lag-time (t,g), absorption rate
constant (K,), central volume of distribution (V4), peripheral volume of
distribution (V,) and intercompartmental clearance (Q) could not be
estimated since only Cp were available. These parameters where
therefore fixed according to the reference model.>” Allometric weight
scaling for both bodyweight and LBW was tested on these 5 parame-
ters, but this did not improve the model significantly. CL/F is the only
estimated parameter, including its variability. The interindividual vari-
ability (IIV) and interoccasion variability (IOV) were modelled with an
exponential error model. For the analytical methods—LC-MS/MS,
immunoassay ACMIA and EMIT—a separated residual variability was
described using an additive and proportional error model. The judge-
ment criteria for model selection were based on parameter estimation,
shrinkage values (<25%), inspection of residual and goodness-of-fit
plots, objective function values (OFV) and standard errors of esti-

mated parameters.

2.7 | Covariate model development
Covariates were selected based on their known or theoretical rela-
tionship with tacrolimus pharmacokinetics. The following demo-
graphic, clinical and genetic characteristics were evaluated as
potential model covariates: age of the mother, height, bodyweight
before pregnancy, bodyweight during follow-up, the calculated body
composition parameters (body mass index, LBW, body surface area),
gestational age (in weeks), interacting comedication (described in
Table S1), use of glucocorticoids, prednisolone dose, haematocrit,
serum albumin and serum creatinine concentrations, estimated glo-
merular filtration rate (€GFR; CKD-EPI),>® and the women's CYP3A4,
CYP3A5 and POR genotype.

Continuous covariates (CO) were calculated according to the fol-

lowing equation:
CL/F =8¢ r x (CO/median CO)*".

Categorical covariates were transformed to binary covariates

(BI) and calculated as
CL/F =6cu/r x (6cov)?.

In which B¢/ is the typical value of clearance for a patient with
the median covariate or most common Bl and 6coy describes the
effect of the covariate.

Gestational age was modelled according to the following equation:

CL/F — eCL/F + (GA X e—(—)rate x time)’

where 0A is the relative change in CL/F over gestational age com-
pared to its stabilized value prior to pregnancy, Orate is a first-order
rate constant describing the increase rate of CL/F throughout preg-
nancy, time equals the gestational age in weeks.

The relationship between covariates and 11V in clearance was first
investigated graphically and then further tested in a univariate analy-
sis. Covariates that significantly improved the model (P < 0.05;
decrease in OFV of >3.84) were added stepwise to the model. When
no significant covariates could be added, a backward elimination pro-
cess was performed, with statistical significance indicated by P < 0.01
(increase in OFV of >6.64).

2.8 | Model validation

The validity of the final model was evaluated using bootstrap
analysis (by simulating 1000 datasets) and visual predictive checks
(VPCs, by simulating 1000 datasets) and then generating the 95% pre-
diction intervals from these simulations. VPCs were computed based
on covariates that were included in the final model and pregnancy

duration.

2.9 | Simulations

Simulations were performed to evaluate the effect of the significant
covariates during the preconception period, each trimester and the
postpartum period. The dose for each patient was set to 5 mg tacroli-
mus twice daily with a dose interval of 12 h. Final estimates were

fixed, the covariates of interest varied during the simulation.

210 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/22.1120

3 | RESULTS

3.1 | Patient characteristics

A total of 43 women with 55 successful pregnancies after a kidney
transplantation from 2000 and onwards were identified. Women who
did not use tacrolimus (23 women, 30 pregnancies) and women
who used a once-daily tacrolimus formulation (6 women, 10 pregnan-
cies), were excluded. One woman had 2 pregnancies, and only the first
was taken into account. This led to the inclusion of 14 women with a
successful pregnancy using the twice-daily oral tacrolimus formulation
after a kidney transplantation. Their median age at conception was

32 years (total range 22-40years), with a median time after
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transplantation of 4.5 years (total range 1-13 years). All patient and
clinical characteristics are presented in Table 1.

The pregnancy duration in these 14 women varied from 30 weeks
and 4 days to 41 weeks and 1 day. Only 3 women experienced an
uncomplicated pregnancy with regard to kidney function and hyper-
tension. One woman had increased proteinuria during pregnancy
(no pre-eclampsia criteria), and 5 other women experienced pre-
eclampsia. Another 5 women experienced worsening of their kidney
function, of whom 1 was treated for presumed kidney transplant
rejection postpartum with pulse dose corticosteroids, and another
woman was treated for biopsy-proven kidney transplant rejection
postpartum with pulse dose corticosteroids and intravenous
immunoglobulin.

A total of 263 whole-blood tacrolimus Cy was collected, of which
3 samples were excluded from analysis since they were below the
lower limit of quantification for the ACMIA assay. The number of sam-
ples per patient varied from 11 to 30. The median tacrolimus Cq prior
to pregnancy was 5.3 ng/mL (interquartile range [IQR] 4.2-6.5), with
a median daily tacrolimus dose of 6.0 mg/day (IQR 4.0-7.0). As pre-
sented in Table 1, the median tacrolimus Cg decreased in the first and
second trimester (median 4.5 and 3.9 ng/mL, respectively),
and returned to baseline during the third trimester and postpartum
(median 4.5 and 5.8 ng/mL, respectively). Daily doses of tacrolimus
ranged between 2 and 22 mg/day throughout the follow-up. The
change in tacrolimus concentrations corrected for the corresponding
daily dose (concentration/dose ratio) for each stage of follow-up is
presented in Table 1 and displayed in Figure 1A. The median
concentration/dose ratio prior to pregnancy was 0.98 ng/mL/mg
(IQR 0.61-1.33). The observed decrease in concentration/dose ratio
in the first and second trimester (median 0.70 and 0.52 ng/mL/mg,
respectively), demonstrates the higher dose requirement to obtain the
tacrolimus target range, and indicates an increase in tacrolimus
CL/F. Haematocrit decreases during pregnancy (median 0.39, 0.36,
0.31, 0.31 and 0.34 L/L, for prior to pregnancy, first, second and third
trimester, and postpartum, respectively), and this was observed for
serum albumin concentrations as well (median 45, 44, 38, 35 and
43 g/L, for prior to pregnancy, first, second and third trimester, and
postpartum, respectively). The change over time for haematocrit and
serum albumin concentrations, considered important covariates, are

presented in Figure 1B,C.

3.2 | Base model

A two-compartment model was used to describe the data. K, tiag, V1/
F, Vo/F and Q/F were fixed and CL/F was estimated
(OFV = 605.894). Including IV and IOV on CL/F improved the model
fit and goodness-of-fit plots. Residual error for the analytical methods
(LC-MS/MS, EMIT, ACMIA) was best described with a proportional
and additive error model. The proportional error for both immunoas-
says could be estimated together without influencing the results. The

base model estimates are shown in Table 2.
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3.3 | Covariate analysis

After univariate analysis, forward inclusion and backward elimination,
haematocrit (AOFV —86.46) and gestational age in weeks (AOFV
—77.36) remained in the final model (for a full list of the covariates
tested, see Table 3). Haematocrit and gestational age (in weeks) were
both negatively correlated with CL/F:

haematocrit ~*7%
0.33
+(—7.29 x exp(—0.109 x gestational age in weeks))

CL/F=418x (

The mean predicted CL/F increased during pregnancy from 34.5
to 41.7 L/h, with the highest change already in the first trimester
(Figure 2). Compared to CL/F values prior to pregnancy, gestational
age increased the CL/F by 15% in the first trimester, by 19% in the
second trimester and by 21% in the third trimester. The IV on CL/F
decreased from 26.5 to 24% and the IOV on CL/F from 19.4 to 7.5%.
In total, these covariates could explain 18% of 1IV and 85% of I0OV.
Estimations of the parameters in the final model are presented in
Table 2. The population predictions (PRED) and individual predictions
(IPRED) were normally distributed around the line of unity. The condi-
tional weighted residuals (CWRES) were normally distributed and no
trend was observed in the residuals (Figure S1).

3.4 | Model validation

The VPCs of the final model demonstrates an adequate fit and a good
predictive performance of the final model as illustrated in Figure 3A
(Haematocrit) and Figure 3B (Gestational age in weeks). Only small
deviations in variability could be seen, which could be explained by
the low number of patients included in the study. The medians of the
estimated parameters from the bootstrap analysis were in range of

the 95% confidence interval as demonstrated in Table 2.

3.5 | Simulations

The whole-blood tacrolimus concentrations were simulated for each
stage of follow-up for the covariates that were included in the final
model. The gestational age per stage of the follow-up was corre-
lated to mean haematocrit values of that period. The mean haema-
tocrit was 0.38, 0.35, 0.31, 0.31 and 0.33 L/L for the stages prior to
pregnancy, first, second and third trimester, and postpartum respec-
tively. As can be seen in Figure 4, there is a clear distinction
between nonpregnant state and pregnancy in CL/F, with the biggest
effect during the first trimester. The tacrolimus concentrations
decreased further during the second trimester and stayed stable
during the last trimester. The tacrolimus concentrations increased

postpartum.
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FIGURE 1

(A) Tacrolimus concentration/dose ratio (ng/mL/mg) plotted per stage of follow-up. (B) Haematocrit (L/L) plotted per stage of

follow-up. (C) Serum albumin (g/L) plotted per stage of follow-up. Box plots showing the quartiles, the 5th and 95th percentiles (whiskers) and

extreme values to the minimum (o) and maximum (e).

4 | DISCUSSION

This study demonstrates that haematocrit and gestational age
are associated with the pharmacokinetics of tacrolimus during
pregnancy. Together, these 2 covariates explain 18% of the IIV and
85% of the IOV in tacrolimus CL/F. Oral clearance increased during
pregnancy from 34.5 to 41.7 L/h, with the largest change occurring
in the first trimester. Subsequently, a rapid decrease in tacrolimus
whole-blood predose concentrations was observed, also during the
first trimester.

Compared to CL/F values prior to pregnancy, gestational age
increased the CL/F by 15% in the first trimester, by 19% in the second
trimester and by 21% in the third trimester, which could be attributed
to a combination of physiological changes during pregnancy. For
instance, haematocrit was inversely correlated with CL/F, in other
words, a decrease in haematocrit results in an increase in CL/F. This in
turn results in reduced tacrolimus whole-blood concentrations. The
correlation between tacrolimus CL/F and haematocrit is consistent
with previous findings in pregnant kidney transplant recipients.® Hae-
matocrit measures the volume of erythrocytes compared to the total
blood volume.*° The ratio of tacrolimus distribution to whole-blood:
plasma is 20:1 and >85% of tacrolimus measured in whole blood is
located inside erythrocytes or plasma protein-bound, indicating inac-
tive tacrolimus.” Tacrolimus has a low hepatic extraction ratio with a
ratio equivalent to ~3% of liver blood flow.** Thus, for highly-bound,
low-extraction-ratio drugs such as tacrolimus, one would expect CL/F
to be affected by changes in haematocrit and plasma proteins. The
decrease in haematocrit during pregnancy, observed in this study, can
be explained as a result of a greater increase in plasma volume in
relation to erythrocytes.*?

Other known physiological changes during pregnancy were
investigated, but no association with CL/F was found. For instance, a
decrease in serum albumin concentrations during pregnancy was

observed, but this did not correlate significantly with CL/F. We are

uncertain of the exact reason this covariate did not affect the CL/F,
but the assumption can be made that correction of whole-blood
tacrolimus concentrations to albumin concentrations is not sufficient
since the majority of tacrolimus is associated with erythrocytes.*® Pre-
vious studies utilizing other substrates suggested that CYP3A activity
may be increased by 25-100% during pregnancy.*#*4> Thus partly
explaining the variability in CL/F between the nonpregnant state and
pregnancy. However, in this study the effect of the CYP3A and POR
genotype did not significantly influence tacrolimus pharmacokinetics.
This might be explained by the fact that we took the genotype into
account and not the protein activity, of which the latter can be influ-
enced by oestrogen activity. The effect of oestrogen on CYP3A pro-
tein activity during pregnancy is potentially greater than the effect of
genetics on CYP3A protein activity, resulting in the nullification of the
genotype effect.***® Another explanation might be the absence of
CYP3A5*1 homozygotes (CYP3A5 expressers) in this small, mostly
Caucasian population. We observed a decrease in median serum cre-
atinine and increase in median eGFR in our population (Table 1),
which is consistent with previous findings.*” However, both covari-
ates were not significantly correlated to CL/F, which can be explained
by the fact that tacrolimus practically undergoes no renal clearance.
None of the body size indicators contributed to variability, which may
be explained by the fact that the formulas that were used to estimate
these were not specifically developed for pregnancy. A previous study
did find a correlation between bioimpedance spectroscopy-derived
phase angle, calculated as the arc tangent of reactance over resis-

F.3¢ Possibly, despite the absence of a corre-

tance, and tacrolimus CL/
lation with the estimated values, there may be a correlation when
measuring body composition in pregnant kidney transplant recipients,
which could explain a part of the changes in tacrolimus CL/F, consid-
ering the significant alterations in body composition that occur during
pregnancy.

The covariates mentioned above, except for POR genotype, had a

significant effect on the univariate analysis but not on the multivariate
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TABLE 2 Estimates of the base
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model. final model and bootstrap Parameter Base model Final model Bootstrap (95% Cl)
analysis. Typical parameters
tiag (h)° 0.38 0.38 -
Ka (L/h)? 3.58 3.58 -
V4/F (L? 692 692 -
Vao/F (L)? 5340 5340 -
Q/F (L/h)? 11.6 11.6 -
CL/F 39.5 41.8 41.99 (35.61-52.20)
Covariate effect on CL/F
Haematocrit (L/L)
012 NA -0.791 —0.734 (—1.34 to —0.40)
Gestational age (weeks)
013 NA -7.29 —7.523 (—13.22 to —2.05)
014 NA 0.109 0.107 (0.059-0.182)
1\
CL/F 0.068 0.0559 0.0452 (0.0051-0.1204)
V4/F? 0.242 0.242 -
V,/F? 0.281 0.281 -
Q/F? 0.619 0.619 -
[e)Y)
CL/F 0.0368 0.00555 0.00561 (0.00035-0.01955)
Residual variability
Proportional
LC-MS/MS 0.186 0.204 0.198 (0.133-0.249)
Immunoassay EMIT/ACMIA 0.254 0.319 0.276 (0.079-0.353)
Additive
LC-MS/MS? 0 0 -
Immunoassay EMIT 0.881 0.644 0.988 (0.302-1.514)
Immunoassay ACMIA 1.11 0.633 0.803 (0.322-2.317)

Note: Estimates of the base model, final model and bootstrap analysis from 260 whole-blood tacrolimus
predose concentrations in 14 pregnant women. Formula for clearance: CL/F = 41.8 x

(haematocrit / 0.33)7%7%1 4 (—7.29 x exp(—0.109 x gestational age in weeks)).

Abbreviations: ACMIA, antibody conjugated magnetic immunoassay; Cl, confidence interval; CL,
clearance; EMIT, enzyme multiplied immunoassay; 1V, interindividual variability; IOV, interocassion
variability; K,, absorption rate constant; LC-MS/MS, liquid chromatography-tandem mass spectrometry;
Q, intercompartmental clearance; t).g, lag time; V4, central compartment; V5, peripheral compartment.
2Fixed parameter. Therefore, bootstrap estimates are not reported.

analysis (Table 3). These are physiological changes known to occur in
every woman during pregnancy and could thus be part of the total
effect of pregnancy duration on tacrolimus CL/F. Another explanation
could be the low power of our study population. Therefore, a poten-
tial effect, albeit small, of these covariates cannot be excluded. There
still is a possibility that a combination of these covariates, the
unknown effects of pregnancy hormones, and other changes in body
composition influence the CL/F on gestational age.

The information obtained from this popPK model can help
physicians in the interpretation of tacrolimus whole-blood predose
concentrations during pregnancy. As the greatest change in CL/F
occurs in the first trimester, we advise more frequent monitoring

during this period and whenever changes in haematocrit occur,

which is usually in the third trimester. Since the CL/F increases, a
dose increase is needed to maintain tacrolimus whole-blood con-
centrations in the target concentration rage during pregnancy. The
dose should be increased compared to the preconception dose in
each of the 3 trimesters by 15, 19 and 21%, respectively.
Furthermore, this popPK model can be potentially implemented to
guide tacrolimus dosing in future pregnant kidney transplant
recipients.

Although the tacrolimus dose needs to be increased to keep the
predose concentration stable, one should realize that the pharmaco-
logically active moiety is the unbound tacrolimus fraction in plasma.*®
Pregnancy duration and haematocrit may decrease tacrolimus

whole-blood concentrations but are not expected to affect the
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TABLE 3 Covariate analysis.

Covariate AOFV
Haematocrit —86.46
Serum albumin —37.74
Serum creatinine —6.18
eGFR -6.01
Age -1.48
Gestational age in weeks —77.36
Weight before pregnancy -0.57
Weight during pregnancy —21.04
Height -1.13
BMI —27.74
LBW -11.76
BSA —16.98
Genotype

CYP3AS5 nonexpressor (*3/*3) —6.742

POR*28 intermediate metabolizer (*1/*28) -0.35
Comedication

Antibiotics —0.44

Antihypertensive and antiarrhythmic agents —0.65

Corticosteroid use —16.45

Prednisone dose —16.66

No use of prednisone

Covariate effect

Included after
backward elimination

Included after
forward inclusion

-1.39 Yes (P = 0.05) Yes (P < 0.01)
—0.82 No No
-0.26 No No
0.21 No No
0.53 No No
-12.7 Yes (P < 0.05) Yes (P < 0.01)
0.12
0.27 No No
1.35 No No
-1.67 No No
1.54 No No
248 No No
24 No No
1.47 No No
1.05 No No
3.33 No No
1.01 No No
1.47 No No
—0.04 No No
0.69

Abbreviations: BMI, body mass index; BSA, body surface area; eGFR, estimated glomerular filtration rate; LBW, lean body weight; OFV, objective function
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FIGURE 2 Mean predicted clearance of tacrolimus (L/h)
throughout pregnancy.

unbound concentrations.}443°°-52 Consequently, unbound tacrolimus
concentrations might be a better surrogate for tacrolimus dosing.

Nevertheless, bioanalysis of unbound tacrolimus plasma concentration

43,53

is challenging and time consuming. Moreover, no target

concentrations have been established for unbound tacrolimus.*®
Therefore, tacrolimus dose titration targeting the lower range of the
therapeutic window during pregnancy seems reasonable.

The main limitation of this study is the small number of included
patients. Second, no external validation was performed, caused by
the lack of suitable datasets in this study field. Third, the tacrolimus
concentrations were analysed by 3 different methods (ACMIA, EMIT,
LC-MS/MS), which could potentially cause variability. However, by
adding a residual error model, which calculates residuals errors for
the different methods, this variability was accounted for. Fourth,
only predose tacrolimus concentrations were available, which
required fixing of the pharmacokinetic parameters and provided less
pharmacokinetic information. However, these predose concentra-
tions are most informative for CL/F, which is the most important
pharmacokinetic parameter for clinical use. Lastly, this popPK model
is developed for twice-daily tacrolimus and cannot be extrapolated
to once-daily tacrolimus formulations. To improve this popPK model,
further research is required in pregnant kidney transplant recipients
by measuring area under the concentration-time curves, and by
determining the effect of unbound tacrolimus and intralymphocyte
tacrolimus concentrations.>* Currently, we are setting up such a

(nationwide) study.
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FIGURE 3 (A) Visual predictive check of haematocrit. (B) Visual predictive check of gestational age. Visual predictive checks showing how
well the mean observed tacrolimus concentration (red line) versus the haematocrit (A) and the gestational age in weeks (B) falls within the 95%
confidence interval for the predicted (n = 1000) mean tacrolimus concentration (green area) and how well the variability of the observed
tacrolimus concentration (red dotted line) falls within the 95% confidence interval for the predicted variability of the tacrolimus concentration

(grey area).

FIGURE 4 Simulations. Simulated
tacrolimus concentrations for each
stage of follow-up for gestational age
and haematocrit. The gestational age
was correlated to mean haematocrit
values of that period. The mean
haematocrit value was 0.38 L/L (prior
to pregnancy; black line), 0.35 L/L
(first trimester; black dotted line),

0.31 L/L (second trimester; black
dashed line), 0.31 L/L (third trimester;
grey line) and 0.33 L/L (postpartum;
grey dashed line).
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5 | CONCLUSION

Tacrolimus clearance increases throughout pregnancy, up to 21% at
the end of gestation. Haematocrit and gestational age are associated
with the tacrolimus clearance during pregnancy in kidney transplant
recipients. Together, these 2 covariates explained 18% of the IIV and
85% of the IOV in oral clearance. Our study shows that increased dos-
ing is required during pregnancy to maintain target whole-blood con-
centrations. In future, this popPK model can be used in pregnant
kidney transplant recipients for dose adjustments based on the target
tacrolimus whole-blood concentration.
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