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Thesis Abstract
Tacrolimus is the key immunosuppressant used in most solid-organ transplant recipients, including heart tran
splants, to prevent graft rejection. However, tacrolimus dosing strategies are complicated by the narrow thera
peutic window and considerable pharmacokinetic variability. Individualising lifelong tacrolimus therapy to avoi
d graft rejection and minimise adverse effects is essential for heart transplant recipients. This thesis aimed to
investigate the individualisation of tacrolimus therapy in adult heart transplant recipients using the pharmacoki
netic modelling approach.
In Chapter 1, I present an overview of tacrolimus clinical pharmacology, including clinical factors influencing t
acrolimus pharmacokinetics (e.g., concomitant azole antifungal therapy). In Chapter 2, I explore tacrolimus do
sing and monitoring practices in heart transplant recipients (n=87) at St. Vincent’s Hospital Sydney, a major h
eart transplant centre in Australia. Additionally, I assess the ability of a Bayesian dosing software, approved b
y the Therapeutic Goods Administration to predict tacrolimus concentrations in heart transplant recipients. Ta
crolimus dosing and monitoring practices were discordant with the hospital guidelines. The population pharm
acokinetic model integrated within the software was suitable in guiding tacrolimus dosing only after 11 days of
therapy. This finding necessitated the identification of other model(s) that might be more suitable for use in he
art transplant recipients, particularly for the immediate post-transplantation phase.
In Chapter 3, I conduct a systematic review summarising published population pharmacokinetic models of tac
rolimus (n=69) developed from various organ transplant recipient populations. In Chapter 4, I select relevant t
acrolimus models (n=17) from the systematic review and evaluated their predictive performance in heart trans
plant recipients (n=85). The evaluated models displayed poor predictive performances. This finding complem
ents the work from Chapters 2 and 3 highlighting a tacrolimus model for heart transplant recipients is require
d.
In Chapter 5, I successfully develop a tacrolimus population pharmacokinetic model for heart transplant recipi
ents. The model incorporated the effects of concomitant azole antifungal use, haematocrit, and body weight o
n tacrolimus pharmacokinetics. Model evaluation in an independent heart transplant recipient cohort displaye
d good model performance. The model can be implemented in clinical practice to individualise tacrolimus dosi
ng in heart transplant recipients. In Chapter 6, I discuss the clinical implication of this work and recommendati
ons for future research.
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Abstract
Tacrolimus is the key immunosuppressant used in most solid-organ transplant
recipients, including heart transplants, to prevent graft rejection. However, tacrolimus
dosing strategies are complicated by the narrow therapeutic window and considerable
pharmacokinetic variability. Individualising lifelong tacrolimus therapy to avoid graft
rejection and minimise adverse effects is essential for heart transplant recipients. This
thesis aimed to investigate the individualisation of tacrolimus therapy in adult heart
transplant recipients using the pharmacokinetic modelling approach.

In Chapter 1, I present an overview of tacrolimus clinical pharmacology, including clinical
factors influencing tacrolimus pharmacokinetics (e.g., concomitant azole antifungal
therapy). In Chapter 2, I explore tacrolimus dosing and monitoring practices in heart
transplant recipients (n=87) at St. Vincent’s Hospital Sydney, a major heart transplant
centre in Australia. Additionally, I assess the ability of a Bayesian dosing software,
approved by the Therapeutic Goods Administration to predict tacrolimus concentrations
in heart transplant recipients. Tacrolimus dosing and monitoring practices were
discordant with the hospital guidelines. The population pharmacokinetic model
integrated within the software was suitable in guiding tacrolimus dosing only after 11
days of therapy. This finding necessitated the identification of other model(s) that might
be more suitable for use in heart transplant recipients, particularly for the immediate
post-transplantation phase.

In Chapter 3, I conduct a systematic review summarising published population
pharmacokinetic models of tacrolimus (n=69) developed from various organ transplant
vi

recipient populations. In Chapter 4, I select relevant tacrolimus models (n=17) from the
systematic review and evaluated their predictive performance in heart transplant
recipients (n=85). The evaluated models displayed poor predictive performances. This
finding complements the work from Chapters 2 and 3 highlighting a tacrolimus model
for heart transplant recipients is required.

In Chapter 5, I successfully develop a tacrolimus population pharmacokinetic model for
heart transplant recipients. The model incorporated the effects of concomitant azole
antifungal use, haematocrit, and body weight on tacrolimus pharmacokinetics. Model
evaluation in an independent heart transplant recipient cohort displayed good model
performance. The model can be implemented in clinical practice to individualise
tacrolimus dosing in heart transplant recipients. In Chapter 6, I discuss the clinical
implication of this work and recommendations for future research.
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Chapter 1:
Introduction.
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Chapter 1

1.1

Current status of heart transplantation

1.1.1 Statistics based on the International Society for Heart and Lung
Transplantation Registry
Heart transplantation is a surgical replacement of the heart in people with end-stage
heart failure. From January 1992 to June 2018, 108,034 adults have undergone heart
transplantations worldwide [1], with a steady increase in the number of transplantations
performed annually [2]. The primary indications for a heart transplant are non-ischemic
dilated cardiomyopathy (51%) and ischemic cardiomyopathy (32%) [3]. Post-transplant
survival has improved over the years. The median survival following heart
transplantations performed between the years 2002−2009 was 12.5 years in
comparison to 10.5 years for transplantations performed between the years 1992−2001
[3]. This improvement reflects advancement in surgical techniques and medical
management, better patient selection for transplant and discovery of more effective
immunosuppressive therapies. The leading causes of long-term mortality among heart
transplant recipients include graft failure, non-cytomegalovirus infection and multiple
organ failure [3]. Mortality due to acute graft failure (40%) is highest in the first 30 days,
while mortality attributed to infection (32%) is highest in the first year post-transplant
[3]. The risk of developing malignancy, acute graft rejection, cardiac allograft
vasculopathy, and renal failure mortality increase with days post-transplant [3]. The
majority of chronic graft failure cases are likely due to cardiac allograft vasculopathy [3].
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1.1.2 Statistics based on the Australia and New Zealand Cardiothoracic Organ
Transplant Registry
There were 2452 adult heart transplantations performed in Australia between the years
1984−2018 and 43% of these were performed at St. Vincent’s Hospital Sydney [4]. St.
Vincent’s Hospital Sydney is one of four adult heart transplant centres in Australia with
approximately 50 heart transplant surgeries performed yearly [4]. This is followed by
The Alfred Hospital Melbourne (30 heart transplant surgeries/year), Prince Charles
Hospital Brisbane (20 heart transplant surgeries/year) and Fiona Stanley Hospital Perth
(10 heart transplant surgeries/year) [4]. The two most common indications for a heart
transplant in Australia are idiopathic dilated cardiomyopathy (42%) and ischemic heart
disease (31%) [4]. The 1- and 5-year survival rates were 89% and 83%, respectively,
following heart transplantation performed between the years 2010−2018 [4]. Similar to
the international registry [3], the main causes of mortality within 5 years post-heart
transplant were infection (23%) and graft rejection (16%) [4]. The primary causes of
mortality beyond 5 years post-heart transplant are coronary artery disease (22%) and
non-lymphoid malignancy (22%) [4].

1.1.3 Challenges following heart transplantation
At present, the main challenge experienced by transplant clinicians is to improve the
long-term outcomes following transplantation, while maintaining the good short-term
outcomes that have already been achieved. Complications resulting from graft rejection
and immunosuppressive therapy, such as cardiac allograft vasculopathy, infection, and
malignancies, continue to affect long-term survival [1, 3]. Unlike renal transplant failure
which can be treated with dialysis, heart transplant failure results in death.
3
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Immunosuppressive therapy is a modifiable factor in the long-term care of heart
transplant recipients that can be improved. Therefore, a focus of current work is to
optimise the lifelong immunosuppressive therapy which is essential to reduce the longterm complications resulting from the therapy.

1.2

Pharmacological immunosuppressive therapy

Immunosuppressive therapies for heart transplant recipients are categorised into
induction and maintenance phases (Table 1).

Table 1. Summary of phases and types of immunosuppressive pharmacotherapy for
heart transplant recipients.
Phases of therapy

Drug class

Example

Induction

Interleukin-2 receptor antagonist

Basiliximab

Lymphocyte-depleting agent

Anti-thymocyte globulin

Calcineurin inhibitors

Cyclosporine

Maintenance

Tacrolimus
Anti-proliferative agent

Mycophenolate mofetil
Mycophenolate sodium
Azathioprine

Mammalian target of rapamycin Sirolimus
inhibitor

Everolimus

Corticosteroid

Prednisolone

1.2.1 Induction therapy
Induction therapy aims to provide intense immunosuppression immediately posttransplant [5] to prevent acute graft rejection. It is primarily prescribed for heart
transplant recipients with renal impairment (to delay the commencement of tacrolimus)
4
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or those who received mechanical circulatory support (left ventricular, biventricular
assist devices or total artificial hearts) [6]. Over 50% of heart transplant recipients
worldwide received induction therapy at the time of transplantation between January
2010 and June 2018 [3]. However, no significant difference (p >0.05) in post-transplant
survival based on the use or type of induction therapy was observed [3].

1.2.2 Maintenance therapy
Maintenance immunosuppressive therapy is prescribed lifelong to achieve a state of
equilibrium whereby the immune system is adequately suppressed to minimise graft
rejection, but remains sufficient active to fight infections [5]. At present, in most
transplant centres, a triple maintenance immunosuppressive regimen is prescribed for
heart transplant recipients, consisting of a combination of a calcineurin inhibitor, an
anti-proliferative agent and a corticosteroid [3].

Tacrolimus is currently the first choice calcineurin inhibitor used in most organ
transplant recipients, including heart transplants, to prevent graft rejection. In
comparison to cyclosporine, tacrolimus is 10−100 times more potent [7], exhibits higher
patient and graft survival rates [8, 9], reduces the incidence of acute graft rejection [10,
11], and has a lower incidence of hypertrichosis [10, 12], hypertension and
hyperlipidaemia [10]. However, it has a higher incidence of post-transplant diabetes
mellitus relative to cyclosporin [10]. Tacrolimus has been in use for over two decades
and no new drug has emerged to replace tacrolimus.

5

Chapter 1

Mycophenolate is the preferred anti-proliferative agent in heart transplants. It works by
inhibiting lymphocyte proliferation [3]. In comparison to azathioprine, mycophenolate
is associated with a significant reduction in graft rejection and mortality in the first-year
post-heart transplantation [13, 14]. While mycophenolate mofetil is the commonly
prescribed

form,

mycophenolate

sodium

(enteric-coated,

extended-release

formulation) is available as an alternative for transplant recipients experiencing
intolerable gastrointestinal side effects due to mycophenolate mofetil [15]. In contrast
to tacrolimus, mycophenolate has been shown to have nephroprotective effects [16].

Prednisolone is an anti-inflammatory agent largely used for the prevention and
treatment of acute graft rejection [3, 7, 17]. However, if consumed long term, it can
cause multiple adverse effects such as osteoporosis, new-onset diabetes mellitus,
hypertension and the features seen in Cushing’s syndrome. As such, many transplant
centres use a relatively high dose of prednisolone early post-transplant and
subsequently, taper down the dose and discontinue or maintain at the lowest possible
dose over 6–12 months [7, 18].

In summary, tacrolimus, mycophenolate mofetil and prednisolone are the three key
agents

in

the

maintenance

immunosuppressive

strategies

following

heart

transplantation [3]. This is also evident from the high global usage of tacrolimus and
mycophenolate mofetil (90%) at 1-year follow-up post-heart transplantation with 80%
of the transplant recipients remaining on prednisolone (follow-ups: January 2010−June
2018) [3]. Unlike mycophenolate and prednisolone, the narrow therapeutic range and
considerable variability [19-25] in tacrolimus pharmacokinetics result in the difficulty in
6
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dosing tacrolimus in clinical practice. Therefore, this thesis focuses on tacrolimus
therapy, particularly investigating methods to enable precision dosing of tacrolimus in
heart transplant recipients.

1.3

Tacrolimus

1.3.1 Mechanism of action
After entry into the cytoplasm of T-cells, the unbound tacrolimus binds to an
intracellular protein, FK506-binding protein 12 (FKBP12) (Figure 1) [26, 27]. The
tacrolimus–FKBP12 complex inhibits the activity of the enzyme calcineurin, thereby
preventing the activation of nuclear factor of activated T-cells (NFAT), a transcription
factor involved in the production of several cytokines, including interleukin-2 [26, 27].
These cytokines are involved in T-cell activation and proliferation [27], leading to acute
graft rejection [28]. By suppressing the formation of these cytokines, tacrolimus
prevents cell-mediated acute graft rejection [28]. Additionally, tacrolimus inhibits T-cell
dependent B-cell activation, hence, preventing antibody-mediated graft rejection [29].
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Cytokines
FKBP12

Tacrolimus

T-cell

Calcineurin
T-cell activation and
proliferation
NFAT

mRNA

Acute graft rejection

Figure 1. Molecular pathway of tacrolimus mechanism of action. In the cytoplasm of Tcells, tacrolimus binds to FK506-binding protein 12 (FKBP12) to form a complex that
inhibits the activity of enzyme calcineurin. This inhibition prevents the activation of
nuclear factor of activated T-cells (NFAT) in producing cytokines that are involved in the
graft rejection process. mRNA: messenger RNA.

1.3.2 Clinical pharmacokinetics
Absorption
Tacrolimus is rapidly absorbed, with a peak concentration attained within 0.5–1 hour
after oral administration [30, 31]. For some transplant recipients, tacrolimus absorption
is delayed, resulting in a lag time [32] or secondary peaks [33]. The oral bioavailability of
tacrolimus is poor (mean: 25%) [34, 35] and highly variable (5−93%) [36, 37]. Extensive
pre-systemic metabolism by cytochrome P450 (CYP) 3A4 and 3A5 enzymes located in
the intestinal cell [38-40] and efflux of tacrolimus back into the intestinal lumen by Pglycoprotein located in the apical membrane of the intestinal cell [38-40] (Figure 2)
contribute to the poor oral absorption of tacrolimus. The fraction of tacrolimus escaping
pre-systemic metabolism was estimated to be 0.14–0.26 [41, 42]. Of note, the functions
8
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of CYP3A4 enzymes, CYP3A5 enzymes, and P-glycoproteins are determined by a complex
interplay between genetic polymorphisms, the inductive or inhibitory effects of many
concomitant medications, and endogenous substances such as uremic toxins in the case
of end-stage renal disease [43]. The poor dissolution of tacrolimus in gastric juices
(dissolution rate-limited absorption) [31], administration with food [44, 45], and
alteration in gastrointestinal motility [31] have also been identified as factors
contributing to the variability in tacrolimus absorption. The estimated absorption rate
constant (Ka), as estimated from whole blood tacrolimus concentrations across various
organ transplant recipient populations, is described in Chapter 3 (Appendix 4).

Portal vein

Intestinal cell

CYP3A

Metabolites
Tacrolimus

P-glycoprotein

Intestinal
lumen

Tacrolimus

Tacrolimus

Metabolites Tacrolimus

Figure 2. Cartoon of tacrolimus absorption in the small intestine. Tacrolimus is able to
cross the intestinal wall due to its lipophilicity [46]. Once inside the intestinal cell,
tacrolimus can either diffuse across the intestinal cell into the portal circulation or be
metabolised by CYP3A enzymes. P-glycoprotein lowers systemic tacrolimus
concentration by actively pumping the drug back into the intestinal lumen where it is
transported into more distal segments of the intestine containing lower amounts of Pglycoproteins and CYP3A enzymes. Tacrolimus metabolites can also be pumped into the
intestinal lumen by P-glycoprotein or diffuse into the portal circulation.
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Distribution
Overall, there is an extensive distribution of tacrolimus in whole blood due to the
presence of high concentrations of FKBP12 proteins within erythrocytes [36, 47]. This
explains the 15-fold (range: 4−114) [34, 36] higher whole blood tacrolimus
concentrations than those measured in plasma. In blood, tacrolimus is extensively
bound to erythrocytes (85−95%) [48, 49], with maximum amount bound (Bmax) of 418 ±
258 µg/L and apparent dissociation constant (KD) of 3.8 ± 4.7 µg/L in transplant
recipients [31]. Within plasma, tacrolimus is approximately 99% bound to plasma
proteins such as α-acid glycoprotein, lipoproteins, globulins and albumin [48]. The
binding of tacrolimus by plasma proteins is not saturable at physiological drug
concentrations [50].

The partitioning of tacrolimus between blood and plasma is influenced by haematocrit,
temperature of the blood sample, plasma protein concentration and tacrolimus
concentration [50]. An increase in haematocrit leads to an increase in the blood:plasma
ratio of tacrolimus [50]. Of note, changes in haematocrit affect the whole blood
tacrolimus concentrations without impacting the actual pharmacologically active
unbound plasma concentrations [51]. When the blood sample temperature is >25°C,
more drug partitions to the plasma compartment [50]. An increase in α-acid
glycoprotein concentration in plasma leads to an increase in tacrolimus binding in
plasma, hence, a decrease in the blood:plasma ratio of tacrolimus [31]. The uptake of
tacrolimus by erythrocytes is concentration-dependent [50]. When whole blood
tacrolimus concentration increases, the uptake of tacrolimus by erythrocytes is
saturated, resulting in lower blood:plasma ratio of tacrolimus [50].
10
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Animal studies indicate that tacrolimus is widely distributed into most tissues, including
the lungs, spleen, heart, kidney, pancreas, brain, muscle and liver [31, 52]. In human
studies, tacrolimus is able to cross the placenta and has been detected in breast milk
[31, 52]. The estimated apparent volume of distribution, as estimated from whole blood
tacrolimus concentrations across various organ transplant recipient populations, is
described in Chapter 3 (Table 10).

Metabolism
Tacrolimus is extensively metabolised by CYP3A4 and CYP3A5 enzymes in the liver and
intestine, with up to 15 metabolites produced [31]. These metabolites are classified as
first-generation metabolites, formed from tacrolimus, and second-generation
metabolites formed from first-generation metabolites [53]. The major metabolites of
tacrolimus are 13-O-desmethyl tacrolimus and 15-O-desmethyl tacrolimus [54, 55]. The
13-O-desmethyl tacrolimus has 10% of the activity of the parent drug. Another
metabolite, 31-O-desmethyl tacrolimus has similar activity to the parent drug [56] but
the concentrations are low-to-not-detectable in transplant recipients [57]. Other
metabolites had little or no activity [56].

Elimination
Based on whole blood tacrolimus concentration, tacrolimus is considered a lowclearance drug with total body clearance equivalent to 3% of liver blood flow (lowhepatic extraction-ratio drug) [30]. Thus, the total hepatic clearance of tacrolimus
should be determined by the intrinsic clearance and the free fraction of tacrolimus in
blood, based on the Well-Stirred model [58]. The low blood clearance of tacrolimus
11
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suggests that the low bioavailability of tacrolimus could be due to poor oral absorption
of the drug [31].

More than 95% of tacrolimus metabolites are excreted via the biliary route with
negligible urine excretion (<3%) [30]. Less than 0.5% of the parent drug is excreted via
urine or faeces [30]. The terminal elimination half-life of tacrolimus ranges between
11−16 hours in transplant recipients and is dependent on the clearance rate of
tacrolimus [59]. The estimated apparent clearance, as estimated from whole blood
tacrolimus concentrations across various organ transplant recipient populations, is
described in Chapter 3 (Table 10). Important to note that transplant recipients who are
CYP3A5 expressers (*1/*1 and *1/*3 genotypes) exhibit 1.5- to 2-fold higher tacrolimus
apparent clearance than CYP3A5 non-expressers (*3/*3 genotype) [32, 60, 61].

Overall, one should be cautious when interpreting the pharmacokinetics of tacrolimus.
Most pharmacokinetic studies have utilised immunoassay to measure tacrolimus
concentrations. The cross-reactivity of the assay with tacrolimus metabolites results in
spuriously higher tacrolimus concentration measurements [62] and consequently,
incorrect pharmacokinetic parameter estimates than the observed values.

1.3.3 Licensed indication in Australia
The approved indications for tacrolimus use vary depending on the formulation and
country [54]. Tacrolimus is currently licensed in Australia for use as an adjunct to liver,
kidney, lung or heart allograft transplantation in adults and children [63].
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1.3.4 Formulations
Tacrolimus is available in both oral (immediate-release and extended-release capsules)
and intravenous formulations (Table 2). There is no commercially available oral
suspension. However, formulas for extemporaneous compounding of the oral
suspension are available using the oral immediate-release formulation of tacrolimus.
This extemporaneous preparation is particularly important for transplant recipients who
require nasogastric feeding or need doses that cannot be achieved by taking the whole
capsule. Of note, since the patent protection of Prograf® expired, approximately 260
products have been registered worldwide, mostly immediate-release generic
formulations of tacrolimus [54].

Table 2. Tacrolimus formulations available at St. Vincent’s Hospital Sydney.
Formulation

Strength

Prograf® capsule (immediate-release)

0.5 mg, 1 mg, 5 mg

Prograf® XL capsule (extended-release)

0.5 mg, 1 mg, 5 mg

Prograf® injection

5 mg/mL

The commonly used oral immediate-release formulation of tacrolimus, Prograf®, is
administered twice daily, while Prograf® XL is consumed once daily. The dose conversion
ratio between Prograf® and Prograf® XL is 1:1 [59]. However, in clinical practice, an
approximately 10% dose increase may be required for the extended-release formulation
to achieve similar systemic drug exposure as the immediate-release formulation of
tacrolimus [59]. Indications for the conversion from the oral immediate-release to the
extended-release formulation of tacrolimus use include gastrointestinal disturbances,
transplant recipients with suspected poor adherence and a large increase or decrease in
13
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tacrolimus blood concentration with small dose changes of the oral immediate-release
formulation. Of the two oral formulations, improved adherence to tacrolimus therapy
has been observed in transplant recipients receiving the extended-release formulation,
leading to a reduction in graft rejection and graft loss in long-term follow-ups [64].

In some cases, the immediate-release formulation of tacrolimus can be administered
sublingually (capsule placed under the tongue and left to dissolve or content of the
capsule placed under the tongue) for short term use in transplant recipients who are
unable to take the immediate-release dosage form of tacrolimus orally [65]. However, a
proportion of tacrolimus absorption from sublingual dosing might be from swallowed
drug, rather than direct buccal absorption [66].

The intravenous route may be considered for a limited time if the oral route is not
feasible (intubated and sedated transplant recipients). Prolonged intravenous
tacrolimus use is associated with severe nephrotoxicity due to the presence of solvent
polyoxyl-60-hydrogenated castor oil (HCO-60) in the formulation [67, 68]. The
recommended method of administration of intravenous tacrolimus is continuous
infusion over 24 hours and is not to be administered as a bolus, intermittent or short
infusion [59]. This is because of higher rates of neurologic and renal toxicities (due to
increased peak tacrolimus concentrations) seen when intravenous tacrolimus is
administered by rapid or short infusions twice daily [69].
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1.4

Tacrolimus pharmacokinetic monitoring

1.4.1 Therapeutic drug monitoring
Tacrolimus displays considerable pharmacokinetic variability [19-25]. This is evident
from the poor correlation observed between tacrolimus dose and whole blood
tacrolimus concentration (Figure 3). As a result, there is an increased risk of therapeutic
failure if uniform doses of tacrolimus are prescribed to all transplant recipients. To
overcome this, therapeutic drug monitoring (TDM) of tacrolimus concentrations is
recommended to individualise tacrolimus therapy [54]. TDM is the standard approach
used in most transplant centres to optimise the likelihood of achieving efficacious and
safe use, and in assessing transplant recipient’s adherence to tacrolimus therapy.

Figure 3. Simulated whole blood tacrolimus concentration-time profile for twelve heart
transplant recipients with different pharmacokinetic characteristics (sex, age, weight, days posttransplant, haematocrit concentration, alkaline phosphatase concentration, aspartate
aminotransferase concentration, CYP3A5 genotype, CYP3A4 genotype, ABCB1 genotype
[encodes P-glycoprotein] and concomitant itraconazole use) showing a large variability in
tacrolimus concentration despite receiving the same dose (0.5 mg) of the oral immediaterelease formulation of tacrolimus.
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Tacrolimus is highly bound to erythrocytes [48, 49]. Hence, tacrolimus dose
recommendations are based on whole blood rather than plasma tacrolimus
concentration. This is despite the unbound plasma concentration better reflect
tacrolimus efficacy and toxicity [70-72]. Challenges in analysing unbound tacrolimus
plasma concentrations include technical difficulties in quantification and limited
information on the appropriate therapeutic range [73]. It should also be noted that
tacrolimus concentration in the blood does not necessarily reflect cellular
concentrations and hence, the extent of interaction with intracellular targets [52]. In this
thesis, all data on the application of tacrolimus concentrations as a guide to therapy
were based on whole blood measurements.

1.4.2 Trough concentration
TDM of whole blood trough concentrations is recommended to guide tacrolimus dosing
decisions in transplant recipients [54]. This is due to the clinical convenience of collecting
a single rather than multiple drug concentrations over a dosing interval. Trough
concentration is the least variable timepoint in the drug concentration-time profile. This
ensures consistent interpretation of drug exposure to facilitate dose individualisation in
clinical practice.

Trough concentrations are sampled at steady-state within one hour before the next
scheduled dose. A trough concentration is usually sampled just before the morning oral
dose of tacrolimus. These morning trough concentrations have been used to develop
the therapeutic range for tacrolimus [74]. However, it is unclear if there is a significant
difference between trough concentrations sampled before the morning and evening
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doses of the oral immediate-release formulation (administered every 12 hours) of
tacrolimus [75, 76]. Despite widespread implementation, trough concentration-guided
dosing remains a challenge in clinical practice due to the collection of poorly timed and
non-steady-state trough concentrations [6, 77]. It is important to note that this
monitoring parameter failed to show a relationship with acute graft rejection in a recent
meta-analysis [78].

The frequency of tacrolimus TDM sampling post-transplant depends on centre-specific
protocols and is adjusted based on the clinician’s discretion and transplant recipient’s
clinical status. Generally, in the early post-transplant phase, TDM samples are collected
at steady-state 2−5 times per week, subject to the transplant recipient’s overall clinical
assessment (e.g., renal function, graft function, rejection history, and hemodynamic
status). TDM samples are collected once per month once stable whole blood tacrolimus
concentrations have been achieved on the prescribed maintenance dose (personal
communication).

1.4.3 Trough concentration therapeutic range
The trough concentration therapeutic range of tacrolimus varies between the type of
organ transplant, days post-transplant (natural decrease in tacrolimus apparent
clearance over time reaching a plateau) and tacrolimus formulation. Additionally, the
range varies according to centre-specific protocols and is adjusted based on the
clinician’s experience and observation taking into consideration transplant recipient (1)
clinical status, and (2) tacrolimus toxicity and graft rejection experienced.
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Generally, the therapeutic range for tacrolimus whole blood concentrations is poorly
defined in heart transplantation. The suggested therapeutic range is 15–20 µg/L for the
first 2 months, 10–15 µg/L from months 3–6, and 8–10 µg/L from 6 months posttransplant and beyond [79]. This therapeutic range was proposed almost three decades
ago [54]. It has not been subject to modification according to the type of (1) bioanalytical
method or physiological matrices (whole blood versus plasma) used to determine
tacrolimus concentration and (2) immunosuppressive regimen used alongside
tacrolimus [54, 80]. While trough concentration therapeutic range describes the range
that produces the best outcomes and least adverse events, it does not eliminate the risk
of adverse events. This is because individual susceptibility differs between transplant
recipients. A recent study has shown the risk of acute renal injury within the first two
weeks after heart transplantation was significantly increased for trough concentrations
>15 µg/L (therapeutic range is 15–20 µg/L) [81]. As a result, more work is required to
enable the refinement of a therapeutic range for tacrolimus concerning clinical
outcomes for heart transplant recipients.

Given the narrow therapeutic range, small variations in tacrolimus trough
concentrations could affect graft and transplant recipient clinical outcomes. For
example, subtherapeutic tacrolimus trough concentrations could lead to an increased
risk of graft rejection. On the contrary, supratherapeutic trough concentrations could
lead to tacrolimus toxicities, such as nephrotoxicity and neurotoxicity. Therefore,
transplant clinicians aim to achieve tacrolimus trough concentrations within the
therapeutic range.

However, achieving and

maintaining

tacrolimus trough
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concentrations within the narrow therapeutic range is a challenging task for transplant
clinicians due to the highly variable and unpredictable pharmacokinetics of tacrolimus.

1.4.4 An alternative approach for drug exposure monitoring - area under the
concentration-time curve
Instead of trough concentrations, the area under the concentration-time curve (AUC) is
regarded as a better measure of tacrolimus exposure associated with treatment efficacy
[54, 82, 83]. This follows from the poor correlation observed between tacrolimus trough
concentrations and AUC0−12 [12, 54, 84, 85]. However, no prospective study has been
conducted to investigate the potential for superior clinical outcomes for AUC- versus
trough concentration-guided tacrolimus dosing in transplant recipients [54]. Further,
AUC monitoring generally requires frequent TDM sampling (≥6 samples over a dosing
interval) [86] (Figure 4) to enable AUC calculation using the trapezoidal rule (reference
method). Hence, this approach is not widely practised due to cost and clinical
constraints.

Although not formally defined, AUC therapeutic ranges corresponding to trough
concentration therapeutic ranges have been suggested following the administration of
the oral immediate-release [87] and extended-release [88] formulation of tacrolimus
(Table 3). The AUC therapeutic ranges were proposed based on retrospective studies
performed in adult renal transplant recipients [87, 88].
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Figure 4. The collection of multiple drug concentrations ( ) over a dosing interval for
the area under the concentration-time curve monitoring.

Table 3. Tacrolimus AUC therapeutic ranges corresponding to trough concentration
therapeutic ranges for adult renal transplant recipients [87, 88].
Therapeutic range of

AUC0-12 therapeutic range

AUC0-24 therapeutic range

trough concentration

(µg*h/L) [oral immediate-

(µg*h/L) [oral extended-

(µg/L)

release formulation]

release formulation]

3−7

75−140

130−275

5−10

100−190

180−350

8−12

140−210

260−400

10−15

180−270

310−475
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In recent years, several studies have formulated a limited sampling strategy (LSS) to
allow prediction of tacrolimus AUC in various organ transplant recipients. LSS involves
the collection of 2−4 tacrolimus concentrations during the early phase within the dosing
interval. In a study of 22 heart transplant recipients, a four-point abbreviated AUC,
calculated using tacrolimus concentrations collected at 0, 1, 2, 4 hours, predicted AUC012

accurately (r2=0.98) relative to the AUC0-12 calculated using the trapezoidal rule

(reference method) [89]. However, the use of LSS for AUC estimation has not been firmly
established because of the paucity of data demonstrating improved clinical outcomes
for AUC compared to trough concentration monitoring. Before this new monitoring
strategy can be implemented in clinical practice, more work is required to determine
the relationship between AUC and tacrolimus efficacy and safety, and importantly, to
establish an optimal AUC therapeutic range for heart transplant recipients.

1.4.5 Methods to measure whole blood tacrolimus concentration
Tacrolimus concentrations can be measured using immunoassay or liquid
chromatography with mass spectrometry detection. In an international survey (14
countries) conducted in 2013, 53% of the laboratories used liquid chromatographytandem mass spectrometry and 47% used immunoassays to analyse tacrolimus [90]. The
ideal method is to utilise liquid chromatography with mass spectrometry detection,
which is more specific and sensitive, and has a higher degree of precision [62, 91].
Immunoassay is not recommended as the reagents interact with tacrolimus metabolites,
providing spuriously higher (5%−36% versus liquid chromatography with mass
spectrometry detection [54, 92, 93]) tacrolimus concentration measurements [62].
Regardless of the method used, all are subject to intra-assay variation (estimated by
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coefficient of variation) and inter-day variation (also estimated by coefficient of
variation).

1.5

Tacrolimus dosing

The tacrolimus starting dose varies according to the type of organ transplanted and
formulation. A starting dose of 0.075 mg/kg/day for oral tacrolimus and 0.01–0.02
mg/kg/day for a 24-hour continuous intravenous infusion is recommended in heart
transplant recipients [59]. Subsequent maintenance doses are titrated intuitively by
clinicians based on trough concentration(s), transplant recipient’s overall clinical
assessment and concomitant drug interactions. This intuitive dosing is further
complicated by the variation in tacrolimus pharmacokinetics with days post-transplant,
as observed by a continuous decrease in tacrolimus apparent clearance reaching a
plateau during the first-year post-transplant [32, 94-96, 43]. This decrease is likely due
to an improvement in haematocrit and serum albumin concentrations and tapering
down of corticosteroid dose [32, 94, 96, 43].

1.5.1 Tacrolimus dose conversion
The recommendations for conversion from intravenous to oral and oral to sublingual
vary according to the organ transplanted. In heart transplants, intravenous doses are
usually converted to oral dose equivalents using a 1:5 (intravenous:oral) ratio [79]. This
conversion ratio reflects the average oral bioavailability of tacrolimus which is between
20−25% [52]. There is scarce data to recommend dose conversion from oral to sublingual
in heart transplants. However, a suggested conversion in solid organ transplant is to give
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50% of the oral dose sublingually in the absence of interacting medications such as azole
antifungals [65].

1.6

Tacrolimus adverse effects and toxicities

Increasing tacrolimus concentrations may lead to an increased risk of tacrolimus adverse
effects and toxicities. However, it is difficult to establish a clear threshold due to
substantial overlap between treatment efficacy and the appearance of adverse
effects/toxicities [97]. Nonetheless, adverse events occur most frequently in the first
few months post-transplantation and decline thereafter [52]. This possibly reflects the
(1) clinical instability during the recovery period post-surgery and (2) more aggressive
dosing required to achieve guideline-recommended therapeutic drug concentrations,
that also decrease based on days post-transplant. The most common adverse effects of
tacrolimus are nephrotoxicity, neurotoxicity, new-onset diabetes mellitus and
hypertension [10, 11]. Other commonly documented adverse effects include
gastrointestinal disturbances (nausea, constipation and diarrhoea), alopecia, electrolyte
imbalance (hyperkalaemia and hypomagnesaemia) and hyperlipidaemia [10, 11].

Tacrolimus induced-nephrotoxicity is defined as the deterioration in renal function
accompanied by a supratherapeutic tacrolimus trough concentration [81] when no
other cause for the deterioration of renal function, such as prerenal (dehydration, heart
failure, sepsis), renal (acute tubular necrosis, interstitial nephritis, glomerulonephritis),
or postrenal (ureteric obstruction, renal vascular thrombosis) has been documented
[98]. The incidence of tacrolimus induced-nephrotoxicity in heart transplant recipients
varies substantially (10%−62%) depending on the (1) study design and (2) renal
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biomarker (e.g.: serum creatinine concentration, estimated glomerular filtration rate or
creatinine clearance) and its threshold defined as delineating nephrotoxicity [99]. The
risk of tacrolimus-induced nephrotoxicity is increased in transplant recipients receiving
other concomitant nephrotoxic drugs [10, 11] or with pre-existing renal impairment [59,
81]. To avoid tacrolimus-induced nephrotoxicity decreased doses and/or delayed
commencement of tacrolimus therapy have been suggested [81].

Tacrolimus-induced neurotoxicity is usually caused by supratherapeutic tacrolimus
concentrations [59]. Its manifestations include tremor, headache, paraesthesia, changes
in mental status, insomnia, confusion, seizures, coma, delirium, blindness, and posterior
reversible encephalopathy syndrome [97]. On the contrary, no clear relationship was
identified between tacrolimus exposure and the development of post-transplant newonset diabetes mellitus and hypertension [99]. Post-transplant new-onset diabetes
mellitus is defined as the use of anti-diabetic therapy on day 30 post-transplantation in
a transplant recipient not needing such treatment before transplantation [100]. In
general, it is difficult to attribute causation of post-transplant new-onset diabetes
mellitus and hypertension to tacrolimus therapy because other factors, such as
concomitant use of prednisolone, may also predispose transplant recipients to these
conditions. Studies with clear criteria for diagnosing adverse effects or toxicities due to
tacrolimus are required to enhance the safety of tacrolimus use in heart transplant
recipients [99].
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1.7

Invasive fungal infection following heart transplantation

One complication following heart transplantation is invasive fungal infections. Invasive
fungal infections are uncommon, with the cumulative incidence ranging from 4% to 11%
(reporting years 2001−2012) during the first-year post-heart transplant [101, 102].
These infections are mainly caused by Candida and Aspergillosis species [101, 102]. If
invasive fungal infection occurs, it is usually during the first 3−6 months post-transplant,
and it is associated with significant morbidity and mortality [101, 103, 104]. Given the
low incidence of invasive fungal infections, antifungal prophylaxis is not recommended
routinely in heart transplant recipients [105]. However, heart transplant recipients who
are at high risk (re-operation, cytomegalovirus infection, post-transplantation
haemodialysis, use of broad-spectrum antibiotics, prolonged duration of antibiotic use,
presence of central venous catheters, use of extracorporeal membrane oxygenation
and exposure to high environmental load of Aspergillus species in the intensive care
unit) of developing an invasive fungal infection are usually prescribed an antifungal [105,
106]. Of note, all heart transplant recipients at St. Vincent’s Hospital Sydney are
transferred to the intensive care unit for close monitoring following transplantation.
Therefore, all of them receive prophylactic azole antifungal therapy attributed to the
time spent in the intensive care unit.

1.7.1 Antifungal therapies
In the absence of randomised controlled trials, the best antifungal therapy, optimal
dosing regimen and duration of dosing to prescribe heart transplant recipients in
reducing the risk of invasive fungal infection post-transplantation remains unknown
[104]. The choice and duration of antifungal therapy currently depend on the clinician’s
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discretion, local epidemiology or sensitivities of fungi, efficacy and toxicology profile of
candidate antifungals, concomitant drug interactions, cost, and types of formulation
available [104].

1.7.2 Tacrolimus-azole antifungal interaction
Tacrolimus is a substrate of CYP3A5, CYP3A4 and P-glycoprotein that are expressed in
the intestine and liver. Therefore, tacrolimus is susceptible to drug-drug interactions
with inducers and inhibitors of CYP3A5, CYP3A4, and P-glycoprotein that may
significantly affect systemic tacrolimus concentration. One class of drugs that have
demonstrated clinically significant interactions with tacrolimus are the oral azole
antifungals [107-113]. In a recent multi-centre (n=150) study conducted in the United
States in hospitalised patients, tacrolimus was in the top 15 of drugs that interacted with
azole antifungals (voriconazole and posaconazole) [114].

Azole antifungals inhibit P-glycoprotein and CYP3A4 enzymes, thereby (1) increasing oral
absorption of tacrolimus and (2) reducing the metabolism of tacrolimus in the intestine
and liver [107, 108, 115]. This results in increased tacrolimus bioavailability [116] and
reduced apparent clearance [117, 118]. Consequently, a profound increase in systemic
tacrolimus concentration is observed, requiring a substantial tacrolimus dose reduction
(20−80%) [109-113, 115, 117-120] to avoid toxicity in transplant recipients. The potency
of CYP3A4 enzyme and P-glycoprotein inhibition varies between azole antifungals.
Ketoconazole is the most potent inhibitor of CYP3A4 enzymes and P-glycoproteins,
followed by itraconazole > voriconazole > fluconazole [119, 121-123].
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The interaction between tacrolimus and azole antifungals is usually observed within 24
hours of co-administration [117, 120, 124]. The interaction persists for up to 7−10 days
[117, 120, 125] once azole antifungal is discontinued due to the long half-life of some
azole antifungals (e.g.: itraconazole). Therefore, one should also be cautious when
withdrawing azole antifungals as tacrolimus concentrations may decrease rapidly,
leading to acute graft rejection. Upon initiation and withdrawal of concomitant azole
antifungal therapy, tacrolimus concentrations should be monitored 2−3 times for the
first week [124], and as required for the subsequent weeks, to avoid over- and underdosing of tacrolimus, respectively. The frequency of monitoring also depends on the
transplant recipient’s overall clinical assessment by the transplant clinician [124].

1.8

The utilisation of population pharmacokinetic model-based Bayesian
estimation to inform tacrolimus therapy

1.8.1 Fundamental principles of pharmacokinetic modelling
Over the last two decades, population pharmacokinetic modelling has been performed
to characterise tacrolimus pharmacokinetics in various organ transplant recipient
populations. In population pharmacokinetic modelling, sparse (one or a few
concentrations across a dosing interval) or intensive (≥6 samples over a dosing interval
[86]) blood sampling data are collected from a group of subjects to estimate typical
population pharmacokinetic parameters (e.g., clearance and volume of distribution),
between-subject variability (BSV), between-occasion variability (BOV) and residual
unexplained variability (RUV; e.g., analytical assay error, uncertain drug concentration
sampling/dosing times, model misspecification) [126, 127]. The influence of clinical
determinants (covariates) on pharmacokinetic parameters are assessed simultaneously
27

Chapter 1

[128]. The final population pharmacokinetic model can then be used to facilitate
individualised drug therapy that is predicted to achieve a target drug concentration. In
short, a population pharmacokinetic model is a mathematical model, describing the
pharmacokinetics of a drug consumed by a patient population and the relationship
between drug concentration and drug doses in the body over time [129, 130].

1.8.2 Clinical utility of population pharmacokinetic model-based Bayesian
estimation
Currently, the successful implementation of TDM is hampered by the difficulty in
collecting trough concentrations. Alternatively, there is growing evidence in the
literature to support the use of population pharmacokinetic model-based Bayesian
estimation (1) for dose individualisation and (2) to facilitate the widespread
implementation of TDM [131]. These studies have demonstrated improved
achievement of target drug concentrations for immunosuppressants [100, 132-134].
The population pharmacokinetic model-based Bayesian estimation approach uses a
population pharmacokinetic model together with patient-specific information (e.g.,
weight and height) and at least one drug concentration to provide individualised (1)
estimates of pharmacokinetic parameters and (2) dose recommendations that are
predicted to achieve target drug concentrations (Figure 5) [135-137].
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height and weight).
Figure 5. The principles of population pharmacokinetic model-based Bayesian
estimation to individualise drug dosing and inform therapeutic drug monitoring. Patientspecific information and at least one drug concentration are inputted into the
population pharmacokinetic model to estimate individual patient pharmacokinetic
parameters. From this, an optimal drug dose predicted to achieve target drug
concentrations is identified.

There are several advantages to using population pharmacokinetic model-based
Bayesian estimation to guide tacrolimus dosing. Apart from providing flexible TDM
sampling schemes [130], its use could assist in estimating tacrolimus trough
concentrations, if the drug concentration collected is not a trough concentration.
Additionally, the population pharmacokinetic model-based Bayesian estimation could
predict the variation in tacrolimus pharmacokinetics over time provided the model
included a time-varying covariate. Further, the population pharmacokinetic modelbased Bayesian estimation can be used to simulate an alternative dosing regimen to
achieve a pre-determined therapeutic range. Instead of collecting intensive blood
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samples to calculate individual tacrolimus AUC0-12 using the trapezoidal rule (reference
method), population pharmacokinetic model-based Bayesian estimation enables the
estimation of individual AUC0-12 based on a limited number of drug concentrations
collected over a dosing interval [80, 138]. This allows for the transition from trough
concentration-guided dosing to AUC-guided dosing given that AUC is a better surrogate
endpoint for treatment efficacy. With this promising dosing method, the optimal AUC
therapeutic range could be achieved and the evidence for safer, more effective therapy
investigated.

1.9

Thesis aims

A plethora (n=74) of population pharmacokinetic models of tacrolimus is available [32,
82, 139-142]. However, there are still unanswered questions related to their clinical use
to guide tacrolimus dosing decisions, particularly in heart transplant recipients (less wellstudied transplant recipient population [32]). While pharmacokinetic modelling
methods for tacrolimus in transplantation are crucial for the quantitation and prediction
for new clinical scenarios [54], most models were developed for descriptive purposes,
without their predictive capability being reported [54]. The generalisability of existing
tacrolimus

population

pharmacokinetic

models

to

describe

tacrolimus

pharmacokinetics in heart transplant recipients, predictive performances of the models
accommodating for the effect of tacrolimus-azole antifungal interaction in heart
transplant recipients and improvement in long-term transplant recipient outcomes
following the use of those models to guide tacrolimus dosing, are unknown. Therefore,
this thesis aimed to answer some of these questions.
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The overall aim of this thesis is to investigate the individualisation of tacrolimus therapy
in heart transplant recipients using the pharmacokinetic modelling approach.
Specifically, the following investigations have been undertaken:
1.

Exploration of tacrolimus dosing and monitoring practices in heart transplant
recipients (Chapter 2).

2.

Evaluation of the predictive performance of a commercially available Bayesian
dosing software to predict tacrolimus concentrations in adult heart transplant
recipients (Chapter 2).

3.

Identification and summary of published population pharmacokinetic models of
tacrolimus developed from adult transplant recipients (Chapter 3).

4.

Determination

of

the

predictive

performances

of

relevant

population

pharmacokinetic models of tacrolimus to predict tacrolimus concentrations in adult
heart transplant recipients, stratified based on concomitant azole antifungal use
(Chapter 4).
5.

Development and evaluation of a population pharmacokinetic model for tacrolimus
in heart transplant recipients, considering the effect of tacrolimus-azole antifungal
interaction (Chapter 5).
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A flow chart of this thesis is displayed in Figure 6.
Chapter 1 – Introduction.

Chapter 2 − Assessment of (1) tacrolimus dosing and
monitoring prescribing practices and (2) a commercially
available Bayesian dosing software.

Chapter 3 – Systematic review of published population
pharmacokinetic models of tacrolimus developed from
adult transplant recipients.

Chapter 4 – External evaluation of selected published
population pharmacokinetic models of tacrolimus in adult
heart transplant recipients.

Chapter 5 – Adaptation of a tacrolimus population
pharmacokinetic model to inform tacrolimus therapy in
heart transplant recipients.

Chapter 6 – Discussion and conclusion.

Figure 6. Thesis flow chart.

1.10

Addressing the research gaps

Current dosing and monitoring practices of tacrolimus in adult heart transplant
recipients warrant further optimisation. To address this, I conducted a program of work
using the pharmacokinetic modelling approach, including a systematic review. In the
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following chapters, I present a sequence of studies that ultimately led to the
development of a population pharmacokinetic model to facilitate tacrolimus dose
individualisation in heart transplant recipients. This model is the first dosing support tool
in the world that comprehensively describes tacrolimus pharmacokinetics in heart
transplant recipients, considering clinically significant tacrolimus-azole antifungal
interaction, over one-year post-transplant. I hope that the model will benefit (1) heart
transplant recipients, leading to improved clinical outcomes and (2) transplant clinicians
in overcoming the challenges with dosing tacrolimus, particularly in the presence of
concomitant azole antifungal therapy.
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transplant recipients: Evaluation of a
Bayesian forecasting software.
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2.1

Link to thesis

In Chapter 1, I presented an overview of tacrolimus, including its pharmacokinetics and
pharmacodynamics. I also discussed the challenges with current dosing and monitoring
strategies for tacrolimus in transplant recipients. The population pharmacokinetic
model-based Bayesian estimation approach provides an opportunity to overcome the
known difficulties with current drug dosing and monitoring strategies, specifically (1)
providing a flexible TDM sampling scheme and (2) selection of dosing regimen to achieve
a pre-determined therapeutic range based on simulations. Prior to determining the
suitability of a population pharmacokinetic model utilised by a Bayesian forecasting
software to guide tacrolimus dosing in heart transplant recipients, it is important to
understand the prescribing practices for tacrolimus dosing and monitoring at the
transplant centre. In Chapter 2, I present (1) an exploration of tacrolimus dosing and
monitoring practices in heart transplant recipients at St. Vincent’s Hospital Sydney and
(2) an assessment of a tacrolimus population pharmacokinetic model integrated within
a Bayesian forecasting software to predict tacrolimus concentrations in the early postheart transplantation phase. The ability of the model to adequately predict tacrolimus
concentrations relative to the observed concentrations informs the suitability of the
model to guide tacrolimus dosing in heart transplant recipients. To the best of my
knowledge, no studies have been performed to (1) assess tacrolimus dosing and
monitoring practices and (2) determine the ability of a Bayesian forecasting software to
predict tacrolimus exposure in heart transplant recipients.
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2.2

Abstract

Background Therapeutic drug monitoring is recommended to guide tacrolimus dosing
because of its narrow therapeutic window and considerable pharmacokinetic variability.
This study assessed tacrolimus dosing and monitoring practices in heart transplant
recipients and evaluated the predictive performance of a Bayesian forecasting software
using a renal transplant-derived tacrolimus model to predict tacrolimus concentrations.
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Methods A retrospective audit of heart transplant recipients (n=87) treated with
tacrolimus was performed. Relevant data were collected from the time of transplant to
discharge. The concordance of tacrolimus dosing and monitoring according to hospital
guidelines was assessed.

The observed and

software-predicted

tacrolimus

concentrations (n=931) were compared for the first 3 weeks of oral immediate-release
tacrolimus (Prograf®) therapy, and the predictive performance (bias and imprecision) of
the software was evaluated.
Results The majority (96%) of initial oral tacrolimus doses were guideline concordant.
Most initial intravenous doses (93%) were lower than the guideline recommendations.
Overall, 36% of initial tacrolimus doses were administered to transplant recipients with
an estimated glomerular filtration rate <60 mL/min/1.73 m2 despite recommendations
to delay the commencement of therapy. Of the tacrolimus concentrations collected
during oral therapy (n=1,498), 25% were trough concentrations obtained at steadystate. The software displayed acceptable predictions of tacrolimus concentration from
day 12 (bias: -6% [95% CI: -11.8 to 2.5], imprecision: 16% [95% CI: 8.7 to 24.3]) of
therapy.
Conclusions Tacrolimus dosing and monitoring were discordant with the guidelines. The
Bayesian forecasting software was suitable for guiding tacrolimus dosing after 11 days
of therapy in heart transplant recipients. Understanding the factors contributing to the
variability in tacrolimus pharmacokinetics immediately post-transplant may help
improve software predictions.
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2.3

Background

Tacrolimus is the first-choice calcineurin inhibitor used in most solid-organ transplant
recipients, including heart transplants, to prevent graft rejection [1]. Due to its narrow
therapeutic window [2] and considerable inter- and intra-patient pharmacokinetic
variability [3-9], therapeutic drug monitoring (TDM) of steady-state trough
concentrations is recommended to guide tacrolimus therapy. The requirement for the
collection of timed trough concentrations is a barrier to achieving the maximum value
from the implementation of tacrolimus TDM in routine clinical practice. This is mainly
because of the difficulties in obtaining TDM samples at the required time within a dosing
interval and at steady-state, possibly due to the busy clinical environment, particularly
early after transplantation [10]. An audit of tacrolimus TDM practice in hospitalised adult
liver transplant recipients observed that only 5% of tacrolimus concentrations were
collected at the guideline-recommended time [11]. Incorrect timing of TDM samples
wastes resources, inconveniences patients, and potentially results in the
misinterpretation of tacrolimus concentrations and consequently, inappropriate dose
recommendations [12]. The assessment of tacrolimus dosing and monitoring practices
against guideline recommendations is important to ensure the safe and effective use of
tacrolimus and to identify any necessary changes required to improve current practice.
To the best of our knowledge, no studies have assessed this, particularly in the early
post-transplant period in heart transplant recipients.

An alternative to the trough concentration-guided dosing approach is the use of
Bayesian forecasting software to individualise tacrolimus therapy for transplant
recipients. Bayesian forecasting is currently considered the gold standard approach to
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TDM [13]. Bayesian forecasting uses patient demographics (e.g., sex, height, and
weight), available drug concentration(s), and population pharmacokinetic model
parameter estimates to provide individualised predictions of drug exposure and dose
recommendations [14, 15]. Its ability to interpret drug concentrations collected at any
time point, including before steady-state is achieved, can promote earlier achievement
of target drug exposure with fewer dose adjustments [10]. Bayesian-guided tacrolimus
dosing has been shown to significantly improve the achievement of target
concentrations in renal transplant recipients in comparison to standard trough
concentration-guided dosing in the first 8 weeks post-transplant [10]. Of note, Bayesian
forecasting software is currently not used to guide tacrolimus dosing decisions at our
institution.

Several commercially available Bayesian forecasting software programs have been
developed to facilitate the practice of TDM and dose individualisation for
immunosuppressants [13]. Of these, DoseMeRxTM (Moorestown, NJ, USA) is the only
software that has been approved by the Therapeutic Goods Administration (TGA) in
Australia for implementation into clinical practice. Only one population pharmacokinetic
model for tacrolimus was integrated into the software. The model was developed from
renal transplant recipients [16]. The model was constructed as a 2-compartment Erlang
model with first-order elimination [16]. The model simultaneously described the
pharmacokinetic disposition for the oral immediate-release (Prograf®, Levallois-Perret,
France) and prolonged-release (Advagraf®, Levallois-Perret, France) formulations of
tacrolimus [16], the two most common formulations used in clinical practice. The ability
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of this software to predict tacrolimus exposure in heart transplant recipients has not yet
been evaluated.

This study aimed to assess the concordance of tacrolimus dosing and monitoring for
heart transplant recipients at St. Vincent’s Hospital Sydney (SVHS) according to hospital
guidelines, and second, to evaluate the predictive performance of a commercially
available Bayesian forecasting software to predict oral immediate-release tacrolimus
(Prograf®) concentrations in heart transplant recipients.

2.4

Materials and Methods

2.4.1 Subjects and data collection
This was a retrospective audit of tacrolimus therapy for patients who underwent heart
transplant surgery between January 1, 2017, and December 31, 2018, at SVHS, one of
four adult heart transplant centres in Australia. This study was approved by the SVHS
Human Research Ethics Committee (LNR/18/SVH/178). A waiver of consent was
obtained due to the retrospective nature of the study. Relevant data were collected
from electronic medical records, including transplant recipient demographics (age, sex,
weight, and height), length of hospital stay, concomitant medications (basiliximab, azole
antifungals, corticosteroids, and mycophenolate), tacrolimus dosing and monitoring
history (dosing regimen, dose administration times, tacrolimus concentrations, and
TDM sample collection times), and laboratory investigations (haematocrit [fraction] and
estimated glomerular filtration rate [eGFR]). The data were collected from immediately
after heart transplant until discharge. Given that data were collected from hospitalised
transplant recipients, adherence to tacrolimus therapy was not a concern. While being
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an inpatient, nurses are largely responsible for administering medications to transplant
recipients.

Whole blood tacrolimus concentrations were measured using an ultra-high performance
liquid chromatography-tandem mass spectroscopy (UHPLC-MS/MS) assay. The assay
range was between 2 and 50 µg/L, with an intra-assay coefficient of variation (CV) <8.5%
and inter-day CV <10%.

2.4.2 Genotyping
Cytochrome P450 (CYP) 3A5*3 (rs776746) genotype information was prospectively
collected to evaluate the commercially available Bayesian forecasting software. Heart
transplant recipients who were alive at the time of the study were approached, and
consent was obtained from those who agreed to participate in this study. This study was
approved by the local governance and the SVHS Human Research Ethics Committee
(2020/ETH00679).

Genomic DNA was extracted from buccal swabs using the Applied Biosystems DNA
Multi-sample Ultra Kit on the Kingfisher 96 instrument (Thermo Fisher Scientific,
Waltham MA, USA) and was stored at 4°C until analysis. The CYP3A5*3 genotype was
identified using specific TaqMan Real Time PCR assays on a Quantstudio 6 K instrument
(Thermo Fisher Scientific).
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2.4.3 Assessment of concordance of tacrolimus dosing with institutional guidelines
At the time of the study, hospital guidelines were available to inform tacrolimus dosing
decisions (Table 4). Postoperatively, a fixed test dose of 0.5 mg oral immediate-release
formulation of tacrolimus, Prograf® (Astellas, Macquarie Park, Australia), was
administered via the oral route or a nasogastric tube unless the transplant recipient’s
eGFR was <60 mL/min/1.73 m2. If the eGFR was <60 mL/min/1.73 m2, the
commencement of tacrolimus therapy was delayed until the eGFR was ≥60 mL/min/1.73
m2. Subsequent tacrolimus doses were administered every 12 hours. These doses were
adjusted based on tacrolimus steady-state trough concentrations and the overall clinical
assessment (e.g., renal function, graft function, rejection history, and hemodynamic
status) of the transplant recipient. If the transplant recipients were unable to commence
oral therapy, intravenous (IV) tacrolimus (0.015 mg/kg/day) was infused over 24 hours
and subsequent continuous IV infusion doses were adjusted based on steady-state
tacrolimus concentrations and overall clinical assessment of the transplant recipient. IV
regimens were continued until the transplant recipients were able to commence oral
therapy. Concordance of tacrolimus dosing with hospital guidelines was assessed for (i)
initial tacrolimus dose (oral test dose and IV) and (ii) initial tacrolimus dose relative to
eGFR <60 mL/min/1.73 m2. Transplant recipients who were on renal replacement
therapy (e.g., dialysis) when tacrolimus therapy was initiated were excluded from the
latter analysis.
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2.4.4 Assessment of concordance of tacrolimus monitoring with institutional
guidelines
Consistent with international guidelines, hospital guidelines recommend TDM of trough
concentrations to guide tacrolimus dosing decisions for heart transplant recipients.
Although the frequency of TDM sample collection is not explicitly stated in the hospital
guidelines, daily tacrolimus concentrations are collected from heart transplant
recipients, while in the intensive care unit (ICU). Once transferred to a general ward,
TDM samples were collected at least twice weekly or based on the transplant recipient’s
overall clinical assessment.
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Table 4. Institutional tacrolimus dosing and monitoring guidelines for post-heart
transplant recipients.
Dosing
Formulation
Oral
Initial dose

Intravenous*

0.5 mg (fixed test dose)

0.015 mg/kg/day infused over
24 hours

Maintenance dose

Administered every 12 hours.

Administered as a continuous

Dose adjusted based on steady-

infusion over 24 hours. Dose

state trough concentration(s)**

adjusted based on steady-state

and transplant recipient’s

tacrolimus concentration(s) and

overall clinical assessment.

transplant recipient’s overall
clinical assessment.

Estimated glomerular filtration

Delay commencement of initial dose until eGFR is ≥60
mL/min/1.73 m2.

rate (eGFR) <60 mL/min/1.73
m2
Monitoring
Initial dose

Check trough concentration.

Check steady-state tacrolimus
concentration.

Maintenance dose

Check trough concentration at

Check steady-state tacrolimus

steady-state**, frequency of

concentration twice weekly or

monitoring based on transplant

based on transplant recipient’s

recipient’s overall clinical

overall clinical assessment.

assessment.
Therapeutic range of trough

8−12 µg/L (day 1 – day 7)

concentration

10−15 µg/L (day 8 − 3 months)

(Time post-transplant)***

8−12 µg/L (>3 − 12 months)
6−8 µg/L (>12 months)

*In Australia, intravenous tacrolimus is licensed to be administered only as a continuous infusion and not
to be administered as a bolus, intermittent, or short infusion [17].
**At least 48 hours after initiation of maintenance therapy or any dose adjustment.
***To achieve the same drug exposure, the drug concentration targeted while a transplant recipient is on
continuous infusion of tacrolimus will be higher than the drug concentration targeted while a transplant
recipient receives the oral twice-daily dosing. In our institute, clinicians target at least the higher end of
the therapeutic range specified in the guideline table if a transplant recipient receives an intravenous
infusion.

56

Chapter 2

Concordance of tacrolimus TDM with hospital guidelines (Table 4) was assessed for
courses of oral tacrolimus therapy administered to transplant recipients during their
hospitalisation. Both the (i) concordance of TDM sample collection time with guidelines
and (ii) percentage of trough concentrations collected at steady-state (at least 48 hours
after initiation of maintenance therapy or any dose adjustment) were evaluated. Since
the oral immediate-release formulation of tacrolimus was administered every 12 hours,
a trough concentration was defined as the tacrolimus concentration collected between
11 and 15 hours after the last administered dose and just before the next administered
dose. Trough concentrations obtained at steady-state were further assessed for the
attainment of target drug concentrations. The desired therapeutic ranges of trough
concentrations varied according to the time post-transplant (Table 4).

2.4.5 Evaluation of a Bayesian forecasting software
The commercially available Bayesian forecasting software, DoseMeRxTM (Moorestown,
NJ, USA), was used to predict oral immediate-release tacrolimus (Prograf®)
concentrations for the first 3 weeks of therapy. The population pharmacokinetic model
for tacrolimus integrated within the software is an existing model [16] built by another
research group using data collected from renal transplant recipients (Appendix 1).

The software does not accommodate IV formulations of tacrolimus. Therefore, all IV
doses were converted to oral dose equivalents using a 1:5 (IV: oral) ratio [18] to enable
input into the software. This conversion ratio reflects the average oral bioavailability of
tacrolimus, which is between 20% and 25% [19]. The converted IV doses were inputted
as a single dose. Transplant recipients were included in the evaluation if they had at least
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two tacrolimus concentrations measured. Tacrolimus concentrations <2 µg/L were fixed
at 2 µg/L, as this was the minimum concentration allowed by the software based on our
institutional setting for assay quantification. The information required to generate
individual pharmacokinetic parameter estimates of tacrolimus included age, sex, weight,
height (optional), haematocrit, and recipient CYP3A5 genotype. The software limits for
this model were age: 18−100 years, weight: 50−200 kg, and height: 150−220 cm. It was
outside the scope of this study to adjust software limits. For transplant recipients whom
the CYP3A5 genotype information was unavailable, the software automatically selected
the default genotype CYP3A5*3/*3 (non-expressers). Most of the transplant recipients
in this study self-identified as Caucasian, therefore this assumption is consistent with
the estimated allele frequency (0.82–0.95) of CYP3A5*3/*3 in Caucasians [20, 21].

The predictive performance (bias and imprecision) of the software was evaluated by
comparing the software-predicted tacrolimus concentrations to the observed
concentrations. This was performed by inputting data up to the day of tacrolimus
therapy before predicting the next drug concentration. This process was performed for
all tacrolimus concentrations collected from each transplant recipient. Although all
available drug concentrations were inputted into the software, the predictive
performance of the software was evaluated based on predictions following the
administration of oral tacrolimus dosing (drug concentration predictions following IV
administration were excluded). The weighting of recent tacrolimus concentrations
addressed the changes in tacrolimus pharmacokinetics over time.
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Bias (median percentage predictive error, Equation 1) and imprecision (median absolute
percentage predictive error, Equation 2) were calculated [22, 23] using R software
(version 3.6.1; R Foundation for Statistical Computing, http://www.R-project.org). A
positive or negative bias represents an over- or under-prediction of tacrolimus
concentration using the software, respectively. Clinically acceptable bias was defined as
within ±20% because this is the deviation from the targeted value that would clinically
warrant a dose adjustment [24, 25]. The prediction was unbiased if the 95% confidence
interval (CI) included zero. The clinically acceptable imprecision was ≤20%.

Bias (%) = Median ∑

(𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑)

Imprecision (%) = Median ∑

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑
| 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑|
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑

× 100

(Equation 1)

× 100

(Equation 2)

2.4.6 Statistical analysis
Descriptive statistics were used to summarise the data. Graphical plots were generated
using R software. The 95% CI for the median was calculated via non-parametric
bootstrapping of 1,000 datasets using the DescTools package (version 0.99.30) in R
software.

2.5

Results

2.5.1 Heart transplant recipient characteristics and concomitant medications
In 2017 and 2018, 87 patients received heart transplant at SVHS and were treated with
tacrolimus (Table 5). One transplant recipient had a history of solid organ
transplantation. The median age was 54 years (range, 16–70 years), and most of the
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transplant recipients were men (68%). The median length of hospital stay was 21 days
(range, 9–137 days). All transplant recipients received triple maintenance
immunosuppressive therapy comprising tacrolimus, mycophenolate mofetil, and
corticosteroids following their heart transplant. Most heart transplant recipients (84%)
commenced on the oral immediate-release formulation of tacrolimus immediately posttransplant, while the remaining transplant recipients (16%) received the IV formulation.
Oral tacrolimus doses gradually increased, on average, from 0.007 mg/kg every 12 hours
on day 1 of therapy to 0.015 mg/kg every 12 hours on day 6 (Table 6). IV basiliximab was
administered as an induction therapy on the day of operation and day 4 post-heart
transplant to 82% of transplant recipients with renal impairment (to delay the
commencement of tacrolimus) or those who received mechanical circulatory support
(left ventricular, biventricular assist devices or total artificial hearts). All heart transplant
recipients received oral itraconazole (200 mg every 12 hours) immediately posttransplant as prophylaxis against Aspergillus fungal infection. This antifungal therapy
was continued for up to 6 months post-transplant.
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Table 5. Heart transplant recipient characteristics (n=87) on admission and concomitant
medications administered immediately post-transplant.
Characteristics

Median (range)*

Male, n (%)

59 (68)

Age (years)

54 (16−70)

Weight (kg)

76 (40−111)

Height (cm)

175 (150−195)

Length of hospital stay (days)

21 (9−137)

Cytochrome (CYP) 3A5, n (%)
*1/*1

1 (1)

*1/*3

16 (18)

*3/*3

36 (42)

Unknown

34 (39)

Haematocrit (fraction)**
Estimated

glomerular

0.27 (0.21−0.38)
filtration

rate

53 (18−137)

(eGFR) (mL/min/1.73 m2)**
Tacrolimus formulation, n (%)
Oral immediate-release (Prograf®)
Intravenous

73 (84)***
14 (16)

Concomitant immunosuppressants, n (%)
Mycophenolate mofetil

87 (100)

Corticosteroids

87 (100)

Basiliximab

71 (82)

Concomitant azole antifungal, n (%)
Itraconazole

87 (100)

eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKDEPI) equation.
*Data are presented in median (range) unless otherwise stated.
**Just before the first tacrolimus dose.
***One transplant recipient was administered the oral immediate-release formulation
of tacrolimus sublingually.
61

Chapter 2

Table 6. Tacrolimus doses administered (oral only) and tacrolimus concentrations
obtained for the first 3 weeks in heart transplant recipients (n=87).
Day of
tacrolimus

Tacrolimus doses

Tacrolimus concentrations***

Number**

Mean (SD)
dose (mg)

Mean (SD)
dose (mg/kg)

Number

Mean (SD)
concentration
(µg/L)

1

84

0.50 (0.09)

0.007 (0.001)

-

-

2

121

0.51 (0.13)

0.007 (0.002)

39

2.6 (1.7)

3

147

0.63 (0.29)

0.008 (0.004)

52

4.0 (3.0)

4

150

0.82 (0.42)

0.011 (0.006)

59

5.3 (3.9)

5

147

1.00 (0.54)

0.013 (0.007)

59

7.0 (3.9)

6

145

1.15 (0.67)

0.015 (0.008)

66

9.1 (5.0)

7

150

1.12 (0.66)

0.014 (0.008)

61

9.8 (4.5)

8

154

1.12 (0.62)

0.015 (0.008)

60

11.3 (4.9)

9

155

1.06 (0.63)

0.014 (0.008)

61

12.8 (5.6)

10

146

1.10 (0.65)

0.015 (0.011)

62

11.8 (4.3)

11

132

1.18 (0.71)

0.016 (0.012)

56

11.9 (4.4)

12

126

1.18 (0.73)

0.016 (0.011)

45

11.8 (3.6)

13

115

1.23 (0.80)

0.017 (0.012)

48

12.0 (5.0)

14

102

1.25 (0.89)

0.017 (0.013)

44

12.3 (4.7)

15

93

1.29 (0.97)

0.018 (0.015)

41

13.1 (5.0)

16

84

1.30 (1.05)

0.018 (0.016)

31

11.8 (3.7)

17

81

1.36 (1.14)

0.019 (0.017)

32

11.7 (4.7)

18

78

1.49 (1.34)

0.021 (0.021)

32

10.7 (4.0)

19

80

1.52 (1.40)

0.022 (0.022)

27

11.6 (4.1)

20

79

1.57 (1.45)

0.023 (0.023)

31

11.1 (4.6)

21

74

1.66 (1.63)

0.024 (0.027)

28

11.8 (3.8)

therapy*

*The majority of heart transplant recipients received an initial oral tacrolimus dose on days 1 – 2 posttransplant. Several heart transplant recipients received an initial oral tacrolimus dose on days 3 – 4 (n=26),
days 5 – 6 (n=6), day 7 (n=3), and day 10 post-transplant (n=1).
**The majority of transplant recipients received oral twice-daily dosing. However, some transplant
recipients received only one oral tacrolimus dose per day, while others received no doses (when a dose
was withheld due to supratherapeutic tacrolimus concentrations or acute kidney injury). Therefore, the
number of oral tacrolimus doses per day was calculated.
***Concentrations collected any time within a dosing interval (concentrations may not be troughs).
Tacrolimus concentrations <2 µg/L were excluded from the analysis because they would result in a
discrepancy in the reported daily mean tacrolimus concentration.
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2.5.2 Guideline concordance of tacrolimus dosing
The majority (96%, n=70/73) of initial oral tacrolimus doses were concordant with the
hospital guideline of the initial dose recommendation (0.5 mg test dose). However, most
(93%, n=13/14) initial IV doses were, on average, 55% lower than recommended. The
mean initial IV dose administered to transplant recipients was 0.007 mg/kg/day (range,
0.002−0.015 mg/kg/day) compared to the guideline recommendation of 0.015
mg/kg/day. Overall, 36% (31/87) of initial tacrolimus doses were administered to
transplant recipients with an eGFR of <60 mL/min/1.73 m2 (range, 18−53 mL/min/1.73
m2). None of these transplant recipients received renal replacement therapy at the
commencement of tacrolimus therapy.

2.5.3 Guideline concordance of tacrolimus monitoring
A total of 1,498 TDM samples were collected from inpatients following the initiation of
oral tacrolimus therapy. Samples were collected between 2 and 111 days after heart
transplant. The median number of TDM samples collected per transplant recipient was
13 (range, 3–64). Of the samples collected, 3% (51/1498) were below the limit of
quantitation (BLQ) and 46% (686/1498) were trough concentrations (not collected at
steady-state). Only 25% (375/1498) of the samples were steady-state trough
concentrations. During the first week post-heart transplant, 29% (5/17) of the steadystate trough concentrations were within the therapeutic range, and 71% (12/17) were
sub-therapeutic (Figure 7). From day 8 to day 90 post-heart transplant, 51% (183/355)
of the steady-state trough concentrations were within the therapeutic range, 35%
(123/355) were sub-therapeutic, and 14% (49/355) were supra-therapeutic. From day
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91 to day 137 post-heart transplant, 67% (2/3) of the steady-state trough concentrations
were within the therapeutic range, and 33% (1/3) were sub-therapeutic.

Figure 7. Tacrolimus trough concentrations collected at steady-state from (a) day 1 –
day 7, (b) day 8 − day 90 and (c) day 91 − day 137 post-heart transplant. The blue shading
depicts the therapeutic range of tacrolimus trough concentrations.

2.5.4 Predictive performance of the Bayesian forecasting software
Overall, 1,009 tacrolimus concentrations collected from 81 heart transplant recipients
during the first 3 weeks of oral immediate-release (931 concentrations, 92%) and IV (78
concentrations, 8%) tacrolimus therapy were analysed using the Bayesian forecasting
software. Six of the 87 transplant recipients (age <18 years, n=2; weight <45 kg, n=4)
were excluded from the assessment because their characteristics were outside the
software limits for the model. All transplant recipients had at least two tacrolimus
concentrations available for evaluation. Seventy-nine IV doses were converted to oral
dose equivalents, and 49 tacrolimus concentrations (5%) were fixed at 2 µg/L.
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The predictive performance of the software improved as the duration of tacrolimus
therapy increased. Bias and imprecision improved with the inclusion of additional
tacrolimus concentration data. Bias improved from -64% (day 3 of tacrolimus therapy)
to -6% (day 12), and imprecision improved from 64% (day 3) to 16% (day 12) (Figure 8,
Appendix 2). Overall, the software tended to underpredict tacrolimus concentrations for
the first 3 weeks of tacrolimus therapy. The software displayed clinically acceptable
performances from day 12 (bias: -6% [95% CI: -11.8 to 2.5], imprecision: 16% [95% CI:
8.7−24.3]) of tacrolimus therapy.

The overall bias and imprecision values were stratified based on transplant recipient
characteristics (Table 7), none of which had a major discrepant influence. Sensitivity
analysis was performed for a subset of heart transplant recipients (63%) who were
hospitalised for >14 days, resulting in the software displaying acceptable performance
from day 12 of tacrolimus therapy (Figure 9, Appendix 3). There was no major
discrepancy between the oral and IV tacrolimus concentration predictions by the
software based on the assessment of bioavailability (Figure 10).
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Number of TDM samples
26
29
26
30
30
28
40
42
45
42
52
60
60
56
59
64
58
62
50

Figure 8. Software performance of individual predicted tacrolimus concentrations
relative to the observed concentrations following the oral immediate-release
formulation of tacrolimus in heart transplant recipients (n=81). The panel on the left
shows the median and 95% CI of the bias. The panel on the right shows the median and
95% CI of the imprecision. The blue shading depicts the clinically acceptable range for
bias (left panel) and imprecision (right panel). The software displays clinically acceptable
drug concentration predictions if the bias and imprecision are within the clinically
acceptable range and the 95% CI of bias crosses zero. Software performance is high
when the bias and imprecision are close to zero (dotted red lines). The number of
observed concentrations included for software predictions for each day of tacrolimus
therapy is summarised in the column on the right. The software-predicted tacrolimus
concentrations on day 2 of therapy were not displayed in the figure as most
concentrations were population predicted and not individual predicted concentrations.
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Table 7. Overall mean bias and imprecision stratified based on transplant recipient
characteristics (n=81) following the oral immediate-release formulation of tacrolimus.
Characteristics

Mean bias (%)

Mean imprecision (%)

Male

-15

31

Female

-12

36

19 − 44

-12

34

45 − 70

-15

32

46 − 79

-17

36

80 − 113

-11

30

150 − 172

-11

33

173 − 195

-16

33

*1/*1, *1/*3

-17

31

*3/*3

-16

37

Unknown

-10

30

0.20 − 0.32

-15

33

0.33 − 0.45

-11

32

Sex

Age (years)

Weight (kg)

Height (cm)

Cytochrome P450 3A5

Haematocrit
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Number of TDM samples
26
29
26
30
30
28
40
39
41
35
38
41
38
37
39
39
37
38
29

Figure 9. Software performance of individual predicted tacrolimus concentrations
relative to the observed concentrations following the oral immediate-release
formulation of tacrolimus in a subset of heart transplant recipients who were
hospitalised >14 days (n=51). The panel on the left shows the median and 95% CI of the
bias. The panel on the right shows the median and 95% CI of the imprecision. The blue
shading depicts the clinically acceptable range for bias (left panel) and imprecision (right
panel). The software displays clinically acceptable drug concentration predictions if the
bias and imprecision are within the clinically acceptable range and the 95% CI of bias
crosses zero. Software performance is high when the bias and imprecision are close to
zero (dotted red lines). The number of observed concentrations included for software
predictions for each day of tacrolimus therapy is summarised in the column on the right.
The software-predicted tacrolimus concentrations on day 2 of therapy were not
displayed in the figure as most concentrations were population predicted and not
individual predicted concentrations.
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Figure 10. The goodness of fit plot for observed tacrolimus concentrations against
individual predicted concentrations by the software for the oral immediate-release and
intravenous data.

2.6

Discussion

Tacrolimus dosing strategies are complicated by their narrow therapeutic range and
considerable pharmacokinetic variability. Therefore, guidelines have been developed to
inform dosing and monitoring practices to ensure the safe and effective use of
tacrolimus. Consistent with a previous study conducted in liver transplant recipients
[11], compliance with tacrolimus dosing and monitoring guidelines in heart transplant
recipients was generally poor. The evaluation of a commercially available Bayesian
forecasting software that integrated a model developed from renal transplant recipients
highlighted that this approach was able to adequately predict tacrolimus concentrations
and therefore guide tacrolimus dosing in heart transplant recipients, but only after 11
days of therapy.
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Underdosing of initial tacrolimus therapy was particularly common with the IV
formulation. Prescribers’ concerns about drug-related toxicities contributed to the
observed cautious dosing of tacrolimus at the initiation of IV therapy (personal
communication). IV tacrolimus, administered as a continuous infusion over 24 hours, is
associated with severe nephrotoxicity and neurotoxicity due to the presence of the
solvent polyoxyl 60 hydrogenated castor oil (HCO-60) in its formulation [26, 27]. In
addition, tacrolimus dosing decisions are influenced by the presence of concomitant
azole antifungal, itraconazole. Itraconazole inhibits CYP3A4 enzymes, thereby reducing
the metabolism of tacrolimus in the gut and liver [28, 29], resulting in increased
tacrolimus oral bioavailability [30] and reduced apparent clearance [31]. Consequently,
a reduction in tacrolimus dose is required to avoid drug toxicity in heart transplant
recipients. The recommended initial IV dose in the hospital guideline was based on
international guidelines [18] which, unfortunately, do not provide guidance on the
required adjustments of tacrolimus doses in the setting of concomitant azole antifungal
therapy. In the context of concomitant azole antifungal therapy, although initial IV
tacrolimus doses were 58% (range, 22%–85%) lower than the guideline
recommendations, they reflect the “correct” adaptation of dosing practices to avoid
supratherapeutic tacrolimus concentrations. In view of this, the hospital guidelines for
the initial IV tacrolimus dose should be updated to reflect this practice. In contrast to IV
dosing, almost all the initial oral tacrolimus doses were guideline concordant. This is
likely because the guidelines recommend a conservative fixed test dose (0.5 mg); hence,
no dose selection decisions were required. This fixed test dose approach, rather than
the commonly used weight-based dose of 0.075 mg/kg/day [17], was used to gauge
tacrolimus metabolism in each transplant recipient and to guarantee renal safety [32].
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Renal impairment is a limiting factor in the initiation of tacrolimus therapy due to the
increased risk of nephrotoxicity [17, 33]. The reduction of tacrolimus doses compared
to the guidelines and delayed initiation of tacrolimus therapy have been suggested as
strategies to mitigate this risk [33]. In some heart transplant recipients with renal
impairment, consistent with the guidelines, initiation of tacrolimus therapy was delayed
(between day 2 and day 7 post-transplant). In contrast, some transplant recipients
received an initial tacrolimus dose despite their impaired renal function (eGFR <60
mL/min/1.73 m2). These transplant recipients did not receive renal replacement therapy
at the commencement of tacrolimus therapy. The reasons for this practice are difficult
to infer; however, in some cases, the prescribers may have decided that the risk of graft
rejection outweighed the risk of nephrotoxicity. A greater understanding of the factors
influencing prescribers’ decision-making regarding the initiation of tacrolimus therapy is
required, particularly in transplant recipients with renal impairment.

Monitoring trough concentrations is currently recommended to guide tacrolimus dosing
decisions for heart transplant recipients. As observed in other studies [34-36], the
majority of tacrolimus samples collected in the present study were not steady-state
trough concentrations. The busy clinical environment and potential critical condition of
heart transplant recipients, especially early after transplantation, could be associated
with a failure to collect trough concentrations and inappropriate TDM requests
(collection of non-steady-state concentrations). Further, despite clear instructions,
some transplant recipients might forget to delay the consumption of their tacrolimus
dose until a TDM sample is collected. It is unclear how prescribers interpret non-trough
tacrolimus concentrations when making dosing decisions or even if they are aware that
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the sample is not a trough concentration. Anecdotal reports at our institution suggest
that prescribers usually disregard a non-trough concentration and request a new TDM
sample to be collected the next day if they are aware that the sample taken was not a
trough concentration. However, if they are not aware that the TDM sample taken was
not a trough concentration, the sample will be misinterpreted as a trough concentration,
leading to inappropriate dosage adjustments. An important caveat of this is the accuracy
of the time of tacrolimus dose administration and TDM sample collection reported in
the electronic medical record relative to the actual time of administration or collection
[37]. The discrepancy between the actual and reported time further complicates the
interpretation of TDM results.

Overall, 49% of the steady-state trough concentrations identified in our study were
outside the therapeutic range (sub-therapeutic, 36%; supra-therapeutic, 13%). This is
consistent with a previous study conducted in adult liver transplant recipients [38].
However, it must be noted that some transplant recipients in this study had an extended
post-transplant hospital stay (up to 137 days). In these transplant recipients,
postoperative complications or infections often occur, in response to which prescribers
may prefer to dose tacrolimus more cautiously (personal communication). Therefore, it
may be that the “under-exposure” reported in this study was intentional.

Bayesian-guided dosing provides an attractive alternative approach to inform tacrolimus
dosing decisions, which overcomes the reliance on the collection of specifically timed
steady-state trough concentrations. Ideally, evaluation of the predictive performance of
a Bayesian forecasting software should occur prior to the implementation of the
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software in routine clinical practice. This is to determine if the software is suitable for
estimating tacrolimus exposure in the population where it will be applied to guide
dosing. The Bayesian forecasting software package approved for use in Australia
employs a tacrolimus population pharmacokinetic model developed from renal
transplant recipients [16]. Model selection likely reflects that the majority of population
pharmacokinetic models for tacrolimus have been developed from renal (55%) and liver
(30%) transplant recipients, with few models developed in heart, lung, and heart and
lung transplant recipients [12]. To date, no work has been undertaken to determine the
generalisability of a tacrolimus model developed from renal transplant recipients
integrated within a Bayesian forecasting software in heart transplant recipients. The
outcomes of this study, therefore, provide essential evidence to inform decisions
regarding the implementation of the Bayesian approach to support prescribing practices
across recipients of different solid organ transplants.

The evaluated Bayesian forecasting software demonstrated clinically acceptable
predictions of tacrolimus concentrations for heart transplant recipients from day 12 of
tacrolimus therapy. This outcome is more promising than a previous study indicating
that the predictive performance of another renal model was only clinically acceptable
after day 21 of tacrolimus therapy in renal transplant recipients [39]. The delay in the
achievement of clinically acceptable predictions was not due to a paucity of data points
or the length of hospitalisation (Figure 9, Appendix 3) but to the reported instability of
tacrolimus pharmacokinetics during the recovery period post-surgery, where anaemia,
organ dysfunction, and ischemia-reperfusion injury impact the pharmacokinetics of
tacrolimus [1]. Indeed, software performance remained clinically acceptable from day
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12 of tacrolimus therapy without the inclusion of tacrolimus concentration data
obtained during the first 11 days of tacrolimus therapy (data not shown). The influence
of concomitant itraconazole therapy on the variability of tacrolimus pharmacokinetics
during the post-heart transplant period must also be considered. Although few models
[40-42] have quantified the effect of azole antifungals on the apparent clearance of
tacrolimus, the software evaluated did not have concomitant azole antifungal therapy
use as a covariate. It is suggested that it may take at least a week for the effect of this
interaction on tacrolimus pharmacokinetics to stabilise [43]. Additionally, in the first
week post-heart transplant, approximately 95% of transplant recipients in this study
received high doses of a proton pump inhibitor, which may reduce the absorption of
itraconazole [44] and thereby contribute to a variability in the effect of drug-drug
interaction on tacrolimus pharmacokinetics. Consistent with other studies [1, 45], the
present study (Table 6) demonstrated that the dynamic physiological changes that occur
in heart transplant recipients in the first 1 to 2 weeks post-transplant make predicting
tacrolimus drug exposure during this period very difficult. Further work is required to
examine whether these temporal changes can be systematically quantified to improve
the prediction of tacrolimus concentrations using the Bayesian software during the first
11 days of tacrolimus therapy.

The Bayesian forecasting software only allowed for the input of oral doses. Therefore,
the conversion of a continuous IV infusion dose to a single oral dose at a 1:5 ratio was
the most pragmatic approach to accommodate this dose in the present study. This is
despite the differences in the pharmacokinetic properties between the two
formulations. Excluding IV doses from the current analysis will result in the software
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underpredicting tacrolimus concentrations and will not account for drug accumulation.
Only 8% of drug concentration data aligned with IV doses; hence, the influence of dose
conversion on software performance is expected to be minimal (Figure 10). Of note,
there are currently no IV models available for tacrolimus [12]. Setting tacrolimus
concentrations BLQ of 2 μg/L to half of the BLQ value (1 μg/L) instead of 2 μg/L would
have been a better approach to evaluate software performance. However, only 5% of
the tacrolimus concentrations recorded were concentrations BLQ, which would not
have significantly affected the results of this study. Haematocrit, which influences
tacrolimus apparent clearance, was the only time-varying covariate in the model. The
software allowed input of haematocrit value only once, at the initiation of therapy. As a
result, this could not account for the changes in tacrolimus apparent clearance over
time. The model integrated within the software was able to simultaneously describe
tacrolimus pharmacokinetics for the oral immediate-release (Prograf®) and prolongedrelease (Advagraf®) formulations of tacrolimus. The software did not permit the
conversion between formulations within a course of tacrolimus therapy.

Determining the correlation between transplant recipient characteristics/frequency of
TDM sampling and time to achieve clinically acceptable predictions would be interesting
to investigate. However, the predictive performance of the software varied within an
individual over time. For example, for one transplant recipient, the software prediction
may be acceptable on days 12 and 14−18 but not on days 13 and 19. Given the variability
in software performance within an individual over time, it was considered inappropriate
to assess this correlation. Comparison with other Bayesian forecasting software was not
undertaken, as only DoseMeRxTM is approved by the TGA in Australia for
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implementation in clinical practice. Nevertheless, the choice of software should be
considered as variations in predictions of drug exposure have been observed when the
same population pharmacokinetic model was integrated within different Bayesian
forecasting software [46]. Since we evaluated the performance of the software (plus
model) as a whole entity, it was not possible to generate a visual predictive check (VPC)
or normalised prediction distribution errors (NPDE) plot to describe software-predicted
tacrolimus concentration over time for our study population.

Currently, all tacrolimus models have been developed to support oral tacrolimus dosing.
Therefore, it may not be plausible to use existing models to guide IV tacrolimus dosing.
Additionally, the presence of clinically significant drug-drug interactions may hinder the
generalisability of the model, particularly if the evaluated model does not account for
the interaction. However, our work shows that a renal model can be extrapolated for
use in a heart transplant recipient population. We believe that these models are a tool
to help clinicians improve dosing, yet they do not stand alone. The outcome of the
present study suggests that tacrolimus dose recommendations should be based on
tacrolimus steady-state trough concentrations and the overall clinical assessment of the
transplant recipient for the first 11 days of tacrolimus therapy. Beyond 11 days,
however, the model provides recommendations that, when used alongside clinical
judgment and available drug concentration(s), could help optimise tacrolimus therapy
in heart transplant recipients.
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2.7

Limitations

Due to the retrospective nature of the study, the accuracy of tacrolimus administration
and TDM sampling times recorded in electronic medical records cannot be guaranteed.
It is important to note that software predictions might have been closer to the “real”
concentrations at the time they were actually collected in relation to the dose when
they were actually administered.

2.8

Conclusions

This study assessed tacrolimus dosing and monitoring practices in heart transplant
recipients and evaluated the predictive performance of a commercially available
Bayesian forecasting software to predict tacrolimus concentrations. It was found that
tacrolimus dosing and monitoring were discordant with the guidelines. A better
understanding of the factors influencing prescribers’ decisions regarding the dosing and
monitoring practices of tacrolimus is required. The Bayesian forecasting software, which
integrated a model developed from renal transplant recipients, was able to predict
tacrolimus concentrations in heart transplant recipients after 11 days of therapy. More
research is required to understand the temporal changes that contribute to the
variability in tacrolimus pharmacokinetics, particularly within the first 11 days posttransplant, to improve the predictions of tacrolimus concentrations using the Bayesian
forecasting software.
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Appendices

Appendix 1. Pharmacokinetic parameters and covariate relationships of the tacrolimus
model [16] integrated within the Bayesian forecasting software.
Pharmacokinetic parameters and covariate relationships

BSV (%)

BOV (%)

Ktr

= 3.34*(1.53FORM) h-1

24

33

CL/F

= 21.2*[(HCT/35)-1.14]*(2CYP3A5) L/h

28

31

V2/F

= 486*(0.29FORM) L

31

75

Q/F

= 79 L/h

54

V3/F

= 271 L

60

Prop RUV

= 11.3%

Add RUV

= 0.71 ng/mL

FORM = 0 if transplant recipient received Advagraf, otherwise FORM = 1.
CYP3A5 = 0 if transplant recipient is a CYP3A5 non-expresser (*3/*3), otherwise
CYP3A5 = 1 (*1/*1, *1/*3).
Add RUV additive residual unexplained variability; BOV between-occasion variability;
BSV between-subject variability; CL/F apparent clearance; HCT haematocrit; Ktr
transfer rate constant; Prop RUV proportional residual unexplained variability; Q/F
apparent intercompartmental clearance; V2/F apparent central volume of
distribution; V3/F apparent peripheral volume of distribution.
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Appendix 2. Software performance of individual predicted tacrolimus concentrations
relative to the observed concentrations following the oral immediate-release
formulation of tacrolimus in heart transplant recipients (n=81).
Day starting

Number

Bias

Imprecision

tacrolimus

of TDM

therapy

samples

%

95% CI

%

95% CI

3

50

-64.2

-71.82, -54.00

64.2

54.00, 71.82

4

62

-45.9

-57.50, -30.51

50.5

41.16, 58.50

5

58

-30.8

-35.32, -22.74

34.0

28.62, 44.56

6

64

-28.5

-38.73, -18.16

34.4

26.93, 46.57

7

59

-20.4

-25.45, -14.11

24.4

17.44, 30.56

8

56

-16.7

-22.81, -9.18

20.2

14.59, 28.68

9

60

-14.1

-25.58, -8.90

20.5

12.75, 28.70

10

60

-14.0

-20.71, -9.57

15.6

11.24, 23.70

11

52

-13.3

-21.51, -7.13

19.1

12.56, 26.21

12

42

-6.3

-11.83, 2.46

16.1

8.65, 24.29

13

45

-7.3

-11.28, -2.42

12.1

8.02, 33.87

14

42

-3.3

-10.20, 8.32

15.7

8.83, 20.80

15

40

-7.0

-20.33, 11.88

20.6

15.00, 26.11

16

28

-4.1

-13.14, 8.72

15.0

9.70, 24.90

17

30

3.3

-15.38, 17.65

19.6

15.38, 23.28

18

30

-9.4

-15.90, 8.88

18.4

14.66, 29.38

19

26

-1.8

-21.96, 24.00

26.7

15.93, 36.17

20

29

-6.1

-17.06, 21.25

23.3

12.93, 33.98

21

26

-8.4

-28.00, 0.83

21.2

9.48, 32.87
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Appendix 3. Software performance of individual predicted tacrolimus concentrations
relative to the observed concentrations following the oral immediate-release
formulation of tacrolimus in a subset of heart transplant recipients who were
hospitalised >14 days (n=51).
Day starting

Number

Bias

Imprecision

tacrolimus

of TDM

therapy

samples

%

95% CI

%

95% CI

3

29

-62.9

-71.82, -46.00

62.9

46.00, 71.82

4

38

-44.8

-60.14, -30.51

49.4

33.00, 60.14

5

37

-30.4

-35.32, -12.47

32.5

22.42, 42.44

6

39

-30.7

-47.87, -18.64

34.9

21.67, 54.13

7

39

-22.5

-29.85, -14.11

23.8

14.81, 30.56

8

37

-14.6

-22.81, -6.37

17.0

13.22, 27.24

9

38

-13.0

-25.58, -0.43

19.0

12.75, 28.70

10

41

-15.2

-21.31, -8.13

17.8

11.06, 23.70

11

38

-10.5

-19.87, -6.18

13.3

9.67, 21.51

12

35

-3.1

-8.60, 6.57

15.7

7.50, 24.29

13

41

-7.3

-14.04, -2.42

14.0

8.02, 34.55

14

39

0.3

-10.20, 8.83

15.2

8.78, 21.13

15

40

-7.0

-20.33, 11.88

20.6

15.00, 26.11

16

28

-4.1

-13.14, 8.72

15.0

9.70, 24.90

17

30

3.3

-15.38, 17.65

19.6

15.38, 23.28

18

30

-9.4

-15.90, 8.88

18.4

14.66, 29.38

19

26

-1.8

-21.96, 24.00

26.7

15.93, 36.17

20

29

-6.1

-17.06, 21.25

23.3

12.93, 33.98

21

26

-8.4

-28.00, 0.83

21.2

9.48, 32.87
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Chapter 3:
Population pharmacokinetic models of
tacrolimus in adult transplant
recipients: A systematic review.
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3.1

Link to thesis

In Chapter 2, I presented the findings following a clinical audit of tacrolimus therapy in
heart transplant recipients, along with an assessment of a Bayesian forecasting software
to predict tacrolimus concentrations. Tacrolimus dosing and monitoring were discordant
with hospital guidelines. The renal transplant-derived tacrolimus population
pharmacokinetic model integrated within the software performed poorly in the early
post-heart transplantation period. The model was suitable for guiding tacrolimus dosing
only after 11 days of therapy. This finding necessitated the identification of other
model(s) that might be more suitable for use in heart transplant recipients, particularly
for the immediate post-transplantation phase. A systematic review was undertaken to
inform model selection for subsequent evaluation of their predictive performance in
heart

transplant

recipients.

The

review

summarised

published

population

pharmacokinetic models of tacrolimus developed from various organ transplant
recipient

populations.

In

addition,

clinical

factors

influencing

tacrolimus

pharmacokinetics were determined. Areas requiring additional research to facilitate the
use of population pharmacokinetic models to guide tacrolimus dosing decisions in
transplant recipients were also identified. These additional aims were important to
inform model development. This chapter presents this systematic review.

This work has been published:
Kirubakaran R, Stocker SL, Hennig S, Day RO, Carland JE. Population pharmacokinetic
models of tacrolimus in adult transplant recipients: A systematic review. Clinical
Pharmacokinetics. 2020;59(11):1357-1392.
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This work has been presented at one international conference:
Kirubakaran R, Stocker SL, Hennig S, Day RO, Carland JE. Population pharmacokinetic
models of tacrolimus in adult transplant recipients: A systematic review. Poster
Presentation, ASCEPT−PAGANZ Joint-Scientific Meeting, Queenstown, New Zealand,
25−29 November 2019.

3.2

Abstract

Background and Objectives Numerous population pharmacokinetic models of
tacrolimus in adult transplant recipients have been published to characterise tacrolimus
pharmacokinetics and facilitate dose individualisation. This study aimed to (1)
investigate clinical determinants influencing tacrolimus pharmacokinetics and (2)
identify areas requiring additional research to facilitate the use of population
pharmacokinetic models to guide tacrolimus dosing decisions.
Methods MEDLINE, EMBASE and the reference lists of all articles were searched to
identify population pharmacokinetic models of tacrolimus developed from adult
transplant recipients published from the inception of databases to 29 February 2020.
Results Of the 69 studies identified, 55% were developed from kidney and 30% from
liver transplant recipients. Most studies (91%) investigated the oral immediate-release
formulation of tacrolimus. Few studies (17%) explained the effect of drug-drug
interactions on tacrolimus pharmacokinetics. Only 35% of the studies performed an
external evaluation to assess the generalisability of the models. Studies related
variability in tacrolimus whole blood clearance amongst transplant recipients to either
cytochrome P450 (CYP) 3A5 genotype (41%), days post-transplant (30%) or haematocrit
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(29%). Variability in the central volume of distribution was mainly explained by body
weight (20% of studies).
Conclusions The effect of clinically significant drug-drug interactions and, different
formulations and brands of tacrolimus should be considered for any future tacrolimus
population pharmacokinetic model development. Further work is required to assess the
generalisability of existing models and identify key factors that influence both initial and
maintenance doses of tacrolimus, particularly in heart and lung transplant recipients.

3.3

Introduction

The immunosuppressant, tacrolimus, is the first choice calcineurin inhibitor used in most
solid-organ transplantation [1]. Compared to cyclosporine, tacrolimus is associated with
improved graft survival rates [1] and lower acute rejection rates [2]. The predominant
characteristics of tacrolimus pharmacokinetics are its poor and variable oral
bioavailability (5−93%) [3, 4] and extensive binding to erythrocytes (85−95%) [1, 5].
Furthermore, tacrolimus is extensively metabolised by cytochrome P450 (CYP) 3A
isoenzymes in the liver and gut, and mainly excreted as metabolites (99%) via the biliary
route [6].

Tacrolimus is a candidate for therapeutic drug monitoring (TDM), owing to its narrow
therapeutic window [7] and considerable inter- and intra-patient pharmacokinetic
variability [8-14]. At present, monitoring whole blood trough concentrations is
recommended to guide tacrolimus dosing [15]. However, monitoring trough
concentrations requires the collection of strictly timed blood samples (usually within 60
minutes prior to the next administered dose), which is difficult to achieve in a busy
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clinical environment. In adult heart and liver transplant recipients, only 46% and 5%,
respectively, of TDM samples collected were trough concentrations [16, 17]. Incorrect
timing of TDM sample collection wastes resources, inconveniences patients and could
result in erroneous interpretation of tacrolimus concentrations and consequently,
inappropriate dose recommendations. Given the difficulty of successfully implementing
trough concentration-guided dosing for tacrolimus, a population pharmacokineticguided approach presents a possible solution for individualised dosing advice in
transplant recipients [18].

In population pharmacokinetic analysis, sparse (one or a few drug concentrations across
a dosing interval) or intensive (≥6 drug concentrations over a dosing interval [19]) blood
sampling data are collected from a group of subjects to estimate typical population
pharmacokinetic parameters, between-subject variability (BSV), between-occasion
variability (BOV) and residual unexplained variability (RUV) [20]. The influence of clinical
determinants (covariates) on pharmacokinetic parameters are assessed simultaneously
[21]. The final population pharmacokinetic model can then be integrated within a
Bayesian forecasting program to provide individualised dose predictions. Bayesian
forecasting program facilitates TDM processes by removing the need for specifically
timed blood samples as required when collecting trough concentrations. Its ability to
interpret drug concentrations collected at any time point(s) (i.e., steady-state conditions
are not necessary), can reduce the number of TDM samples needed to achieve target
drug exposure.
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Selecting an appropriate and reliable population pharmacokinetic model within a
Bayesian forecasting program to guide tacrolimus dosing is essential prior to the
implementation of the program into routine clinical practice. To date, two reviews of
population pharmacokinetic models of tacrolimus have been published. Brookes et al.
[22] provided a summary of available models, while Nanga et al. [23] used tacrolimus
pharmacokinetic parameter estimates to develop a meta-model. The current,
comprehensive review aimed to (1) investigate clinical determinants influencing
tacrolimus pharmacokinetics and (2) identify areas requiring additional research to
facilitate the use of population pharmacokinetic models to guide tacrolimus dosing
decisions.

3.4

Methods

A systematic review using MEDLINE and EMBASE databases from their inception to
February 29, 2020 was undertaken to identify population pharmacokinetic models of
tacrolimus employing data from adult transplant recipients. Reference lists of all articles
were also searched for additional studies. Search terms included ‘tacrolimus’ AND
‘predict’ AND ‘Bayesian’ AND ‘population pharmacokinetic*’ AND ‘transplant’;
‘tacrolimus’ AND ‘Bayesian’ AND ‘transplant’; ‘tacrolimus’ AND ‘population
pharmacokinetic*’ AND ‘transplant’. Studies published in English and conducted in
patients ≥18 years old were included. Two independent reviewers (RK, JEC) screened
the titles and abstracts of each article and read full-text articles to determine eligibility,
resolving any discrepancies of opinion by consensus.
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A standardised data collection form was used to extract relevant information from each
eligible study including country of study, type of organ transplant, tacrolimus
formulation, concomitant immunosuppressant(s), number of transplant recipients and
tacrolimus concentrations used for model building, tacrolimus concentration sampling
time(s), time post-transplant, bioanalytical method and biological fluid containing
tacrolimus sample used to analyse drug concentrations, software used for
pharmacokinetic analysis, model evaluation approach, model structure, tacrolimus
pharmacokinetic parameter estimates and covariate relationships, BSV, BOV and RUV.
Descriptive statistics were used to summarise the data. The risk of bias assessment was
not undertaken as the aim of this study was not to evaluate the quality of data presented
in each study.

3.5

Results

A total of 69 population pharmacokinetic models were evaluated (Figure 11). Of the
studies identified, 42% were undertaken in Europe and 30% in Asian countries (Table 8).
More than half of the studies (55%) explored tacrolimus pharmacokinetics in kidney
transplant recipients, with 30% of the studies conducted in liver transplant recipients.
Only two studies were conducted in heart [24, 25], lung [26, 27], and heart and lung [28,
29] transplant recipients, respectively, with one study conducted in hematopoietic stem
cell transplant recipients [30].

Although the study period varied greatly, from immediate up to a few years posttransplant, most studies (67%) were performed within the first year following
transplantation. The median (range) number of transplant recipients used for model
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building was 69 (12−681), with 70% of the studies including less than 100 recipients. The
median (range) number of concentrations per transplant recipient was 13 (2–57).

Studies identified from literature search (n=204)

Studies remaining after removal of duplicates
(n=138)

Studies excluded by scanning titles
and abstracts (n=82) due to the
following reasons:
• Not a tacrolimus study (n=43)
• Not a population
pharmacokinetic study (n=26)
• Population pharmacokinetic
models of tacrolimus in
paediatrics (n=7)
• External evaluation of
population pharmacokinetic
models for tacrolimus (n=6)

Full text articles
assessed for eligibility
(n=56)

Studies included in
systematic review
(n=69)

Additional studies
identified through
reference lists
(n=13)

Figure 11. A Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) flow diagram detailing the number of studies identified from databases
search, abstracts screened, and the full-text articles retrieved.
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Table 8. Description of population pharmacokinetic studies of tacrolimus in adult transplant recipients.
Reference

Country of
study
(Continent)

Singleor
multicentre
Single

Type of
transplant

Tacrolimus
formulation

Concomitant
immunosuppressant
drugs

Number of
transplant
recipients

Number of
concentrations

Staatz et al.
[8]

Australia
(Oceania)

Kidney

Prograf® [po]

Azathioprine or MMF +
corticosteroids

70

1060

Scholten et al.
[31]

Netherlands
(Europe)

Single

Kidney

Prograf® [po]

MMF + corticosteroids +
basiliximab

17

Antignac et al.
[32]

France
(Europe)

Single

Kidney

Prograf® [iv/po]

MMF + corticosteroids

Benkali et al.
[33]

France
(Europe)

Multi

Kidney

Prograf® [po]

Press et al.
[34]

Netherlands
(Europe)

Single

Kidney

Benkali et al.
[35]

France
(Europe)

Single

Saint-Marcoux
et al. [36]

NS (Europe)

VelickovicRadovanovic
et al. [37]
Woillard et al.
[38]

Posttransplant
time

Bioanalytical
method

Biological
fluid

Pre-dose

2-1475 days

LC-MS/MS

whole
blood

160

Pre-dose, 1, 2, 3, 4,
6, 8, 12

2–52 weeks

MEIA

whole
blood

83

1589

Pre-dose

1-158 days

MEIA

whole
blood

MMF + corticosteroids

32

NS

1 week-6
months

TFC-MS/MS

whole
blood

Prograf® [po]

MMF + corticosteroids +
basiliximab

31

NS

2–52 weeks

MEIA

whole
blood

Kidney

Advagraf® [po]

MMF ± corticosteroids

41

492

>12 months

TFC-MS/MS

whole
blood

Multi

Kidney

Advagraf® [po]

NS

12

408

Day 14 and
42

HPLC-MS

whole
blood

Serbia
(Europe)

Single

Kidney

Prograf® [po]

MMF + corticosteroids

46

77

Pre-dose, 0.33, 0.66,
1, 1.5, 2, 3, 4, 6, 9 at
5 transplant periods,
12 h (Week 1 and 2)
Full profiles: Predose, 1, 2, 3, 4, 6,
12;
Limited profiles: Predose, 2, 3
Pre-dose, 0.33, 0.66,
1, 1.5, 2, 3, 4, 6, 9,
12, 24
17 concentration
data points over 24
hours
Pre-dose

7–2882
days

MEIA

whole
blood

France
(Europe)

Multi

Kidney

Prograf® [po] (n=32)

MMF + corticosteroids

73

NS

Pre-dose, 0.33, 0.66,
1, 1.5, 2, 3, 4, 6, 9 at
5 transplant periods,
12 h (Week 1 and 2)
Pre-dose, 0.33, 0.66,
1, 1.5, 2, 3, 4, 6, 9,
12, 24

1 week-6
months

TFC-MS/MS

whole
blood

Advagraf® [po]
(n=41)

Sampling
schedules (h)

>12 months
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Reference

Country of
study
(Continent)

Singleor
multicentre
Single

Type of
transplant

Tacrolimus
formulation

Concomitant
immunosuppressant
drugs

Number of
transplant
recipients

Number of
concentratio
ns

Sampling schedules
(h)

Posttransplant
time

Bioanalytical
method

Biological
fluid

Saint-Marcoux
et al. [39]

France
(Europe)

Kidney

Advagraf® [po]

NS

30

NS

>12 months

TFC-MS/MS,
EMIT, CMIA

whole
blood

USA (North
America)

Single

Kidney

Prograf® [po]

NS

24

NS

Pre-dose, 0.33, 0.66,
1, 1.5, 2, 3, 4, 6, 9,
12, 24
Pre-dose, 0.5, 1, 2,
4, 6, 8, and 12

Grover et al.
[40]

CMIA

whole
blood

Multi

Kidney

Prograf® [po]

NS

681

11823

Pre-dose

LC-MS

whole
blood

Musuamba et
al. [42]

USA,
Canada
(North
America)
Belgium
(Europe)

Mean(SD) =
30(23)
months
First 6
months

Passey et al.
[41]

Single

Kidney

tacrolimus IRa [po]

MMF or EC-MPS +
corticosteroids

65

NS

Day 15

MEIA

whole
blood

Musuamba et
al. [10]

Belgium
(Europe)

Single

Kidney

tacrolimus IRa [po]

MMF or EC-MPS +
corticosteroids

NS

Day 15;
Simulated
data: 3 days
– 1 month

MEIA

whole
blood

Han et al. [43]

Korea (Asia)

Single

Kidney

Prograf® [po]

MMF + corticosteroids

65 plus
simulated
data
generated
from 4
previous
models
80

Pre-dose; 6 samples
post-dose (based on
a D-optimal study
design with
sampling windows
around optimal
times: 0.248, 0.64,
0.98, 1.37, 2.38,
11.03)
Pre-dose, 0.5, 1.5, 3,
4, 8, 12

2788

Pre-dose

0–400 days

MEIA

whole
blood

Ogasawara et
al. [11]

USA (North
America)

Single

Kidney

Prograf® [po]

MPA + corticosteroids

102

500

2–123
months

HPLCMS/MS

whole
blood

Zuo et al. [44]

China (Asia)

Single

Kidney

Prograf® [po]

Mycophenolate +
corticosteroids

161

873

31 patients: Predose, 0.5, 1, 1.5, 2,
3, 4, 5, 6, 8, 10, 12;
71 patients: Predose, 2
Pre-dose

0–95 days

MEIA

whole
blood
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Reference

Country of
study
(Continent)

Singleor
multicentre
Single

Type of
transplant

Tacrolimus
formulation

Concomitant
immunosuppressant
drugs

Number of
transplant
recipients

Number of
concentratio
ns

Sampling schedules
(h)

Posttransplant
time

Bioanalytical
method

Biological
fluid

Asberg et al.
[45]

Norway
(Europe)

Kidney

Prograf® [po]

69

1546

HPLCMS/MS

whole
blood

Single

Kidney

Advagraf® [po]

171

193-4983
days

EMIT

whole
blood

Single

Kidney

Prograf® [po]

MMF

200

Pre-dose, 0.5, 1, 1.5,
2, 3, 4, 6, 8, 12

NS

CMIA

whole
blood

Storset et al.
[48]

Tunisia
(North
Africa)
Norway
(Europe)

22
(paediatrics
and
adolescents
)
20

29 patients:
‘‘Intensely
sampled’’;
40 patients: Predose
Pre-dose, 1, 2, 3, 6,
12, 16, 24

1 to >921
days

France
(Europe)

MMF + corticosteroids +
basiliximab; high-risk
patients: human
immunoglobulins and
rituximab
MMF or MPA
(Myfortic®)

Zhao et al.
[46]

Gaies et al.
[47]

Single

Kidney

Prograf® [po]

MMF + corticosteroids +
basiliximab; high-risk
patients: humane
immune globulins and
rituximab. Substudies:
prednisolone

69

1546

First 70
days.
Substudies:
26 days-18
years

MEIA, CMIA,
LC-MS/MS

whole
blood

Bergmann et
al. [49]

Australia
(Oceania)

Single

Kidney

Prograf® [po]

MMF + corticosteroids +
basiliximab

173

1554

4 days–6.5
years

HPLCMS/MS

whole
blood

Golubovic et
al. [50]

Serbia
(Europe)

Single

Kidney

Prograf® [po]

MMF + corticosteroids

105

1999

29 patients
(substudies): Predose, 0.25, 0.5, 1,
1.5, 2, 2.5, 3, 4, 5, 6,
8, 10, 12, 23, 24;
44 patients: Predose
20 patients: Predose, 0.25, 0.5, 0.75,
1, 1.25, 1.5, 2, 3, 4,
6, 9, 12;
153 patients: Predose, 1, 2, 4
Pre-dose

0–206 days

CMIA

whole
blood

Storset et al.
[51]

Norway
(Europe),
Australia
(Oceania)

Multi

Kidney

Prograf® [po]

MMF + corticosteroids +
basiliximab

242

3100

All patients: Predose; Some patients
from full
pharmacokinetic
profiling and some
from limited
pharmacokinetic
profiling

4 days-15
years

MEIA, CMIA,
LC-MS/MS

whole
blood
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Reference

Country of
study
(Continent)

Type of
transplant

Tacrolimus
formulation

Concomitant
immunosuppressant
drugs

Number of
transplant
recipients

Number of
concentratio
ns

Sampling schedules
(h)

Posttransplant
time

Bioanalytical
method

Biological
fluid

Korea (Asia)

Singleor
multicentre
Single

Han et al. [52]

Kidney

Prograf® [po]

MMF + corticosteroids

102

1626

2-21 days

LC-MS/MS

whole
blood

Andreu et al.
[53]

NS

Multi

Kidney

Prograf® [po]

MMF + corticosteroids +
daclizumab

16

594

7–365 days

EMIT

whole
blood

Zhang et al.
[54]

China (Asia)

Single

Kidney

tacrolimus IRa [po]

MMF + corticosteroids

83

246

All patients: predose;
55 patients: 0.5, 1,
2, 4, 6, 8, 12
Pre-dose, 0.33, 0.66,
1.25, 2, 3, 4, 6, 8, 10,
12
Pre-dose

EIA

whole
blood

RoblesPiedras et al.
[55]
Fredj et al.
[56]

Mexico
(North
America)
Tunisia
(North
Africa)
Thailand
(Asia)

Single

Kidney

Prograf® [po]

MMF + corticosteroids

36

592

Pre-dose

Mean(SD) =
39.8(26.1)
months
2-574 days

CMIA

whole
blood

Single

Kidney

Prograf® [po]

MMF + corticosteroids

50

306

Pre-dose

0 to >12
months

EMIT

whole
blood

Single

Kidney

tacrolimus IRa [po]

Mycophenolate +
corticosteroids

96

1183

All patients: Predose; 26 patients: 1,
2, 4, 6, 8, 12

7-6284 days

CMIA

whole
blood

Zhang et al.
[12]

China (Asia)

Single

Kidney

Prograf® [po]

MMF + corticosteroids

83

2109

Pre-dose

≤1 year

EMIT

whole
blood

Andreu et al.
[58]

Spain
(Europe)

Single

Kidney

Prograf® [po]

MMF

304

1891

Day 7-12
months

EMIT, UPLCMS

whole
blood

Woillard et al.
[59]

Belgium
(Europe)

Single

Kidney

tacrolimus IRa [po]

MMF or MPS +
corticosteroids

59

NS

All patients: Predose;
7 patients: 0.25, 0.5,
1, 2, 3, 4, 6, 8, 12
Pre-dose, 0.5, 1.5, 3,
4, 8, 12

NS

CMIA

whole
blood

Campagne et
al. [13]

USA (North
America)

Single

Kidney

Prograf® [po]

EC-MPS

67

594

Pre-dose, 1, 2, 3, 4,
6, 8, 10, 12

≥6 months

CMIA

whole
blood

Rong et al.
[60]

Canada
(North
America)

Single

Kidney

tacrolimus IRa [po]
(Generic)

MMF (corticosteroid
free regimen)

49

320

21 patients: Predose, 2;
28 patients: Predose, 0.5, 1, 2, 3, 4,
6, 8, 10, 12

Mean(SD):
525(683)
days

LC-MS

whole
blood

Vadcharavivad
et al. [57]
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Bioanalytical
method
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fluid

Zhu et al. [61]

China (Asia)

Kidney

Prograf® [po]

MMF + corticosteroids

141

1232

Pre-dose

CMIA

whole
blood

Mexico
(North
America)

Single

Kidney

Limustin®/Framebin
® [po] (Generic IR)

MMF + corticosteroids

52

600

Pre-dose

Mean(SD):
310.33
(601.82)
days
4-2730 days

ResendizGalvan et al.
[62]

CMIA

whole
blood

Andrews et al.
[63]

Netherlands
(Europe)

Single

Kidney

Prograf® [po]

MPA

337

4527

Pre-dose, 1, 2, 3, 4,
5, 6

0-100 days

whole
blood

Woillard et al.
[64]

NS

Multi

Kidney and
liver

Envarsus® [po]

NS

NS

NS (Europe)

Multi

Kidney and
liver

Prograf® [po]

NS

Pre-dose, 0.5, 1, 1.5,
2, 3, 4, 6, 8, 12, 16,
20, 24
3 studies: Pre-dose;
4 studies: intensive
sampling

0.50-14.25
years

Nanga et al.
[23]

1–394 days

MEIA, CMIA,
LC-MS/MS

whole
blood

MacchiAndanson et
al. [65]
Fukatsu et al.
[66]

France
(Europe)

Single

Liver

Prograf® [po]

NS

106
(liver=57,
kidney=49)
281 (adults
and
paediatrics;
liver=201,
kidney=80)
40

EMIT,
ACMIA, LCMS/MS
LC-MS/MS

NS

Pre-dose

1–14 days

MEIA

whole
blood

Japan (Asia)

Single

Liver (LDLT)

Prograf® [iv/po]

Corticosteroids

35

824

Pre-dose

≤30 days

MEIA

whole
blood

Fukudo et al.
[67]

Japan (Asia)

Single

Liver (LDLT)

Prograf® [iv/po]

Corticosteroids

82

1846

Pre-dose

≤30 days

MEIA

whole
blood

Staatz et al.
[9]

Australia
(Oceania)

Single

Liver

Prograf® [po]

MMF or azathioprine +
corticosteroids

68

1742

6–2115
days

LC-MS/MS

whole
blood

Antignac et al.
[68]

France
(Europe)

Single

Liver

tacrolimus IRa [po]

MMF + corticosteroids

37

728

All patients: Predose;
36 patients: 1, 2, 4,
6 or 8
Pre-dose

11–66 days

MEIA

whole
blood

NS

whole
blood
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Zahir et al.
[69]

Australia
(Oceania)

Liver

Prograf® [po]

67

694

Pre-dose

14–94 days

MEIA

whole
blood

Korea (Asia)

Single

Liver

tacrolimus IRa [po]

Corticosteroids ±
azathioprine ± sirolimus
± MMF ± Muromonab
Corticosteroids ± MMF

Lee et al. [14]

51

1775

Pre-dose

24-308 days

MEIA

whole
blood

Sam et al. [70]

Singapore
(Asia)

Single

Liver

Prograf® [po]

Adult=Basiliximab +
corticosteroids;
Paediatric=corticosteroi
ds

213

‘‘Serial samples
within a dosing
interval of 12h’’

‘‘Immediate
posttransplant
period’’

HPLCMS/MS

whole
blood

703

Pre-dose

1-88.5 days

MEIA

whole
blood

Li et al. [71]

China (Asia)

Single

Liver

Prograf® [po]

MMF + corticosteroids

31 (16
adults, 15
paediatrics)
29 (15
adults, 14
paediatrics)
72

Blanchet et al.
[72]

France
(Europe)

Single

Liver

Prograf® [po]

Corticosteroids

14

NS

Pre-dose, 2, 3, 4, 6,
9

6-97 days

EMIT

whole
blood

Zhang et al.
[73]

China (Asia)

Single

Liver

Prograf® [po]

MMF + corticosteroids

262

3763

Pre-dose

2–1941
days

MEIA

whole
blood

Oteo et al.
[74]

Spain
(Europe)

Single

Liver

Prograf® [po]

Corticosteroids ±
azathioprine

75

335

Pre-dose

0–15 days

MEIA

whole
blood

Valdivieso et
al. [75]

Spain
(Europe)

Single

Liver

Prograf® [po]

Corticosteroids

150

NS

Pre-dose

0–15 days

MEIA

whole
blood

Zhu et al. [76]

China (Asia)

Single

Liver

tacrolimus IRa [po]

MMF + corticosteroids

47

435

2–85 days

MEIA

whole
blood

Zhu et al. [77]

China (Asia)

Single

Liver

tacrolimus IRa [po]

MMF + corticosteroids

95

2285

Most patients: Predose, 0.3, 1, 1.5, 2,
4, 6, 8, 12;
Remainder: Predose only
Pre-dose

1–341 days

MEIA

whole
blood

157

plasma
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Moes et al.
[78]

Netherlands
(Europe)

Liver

Advagraf® [po]

NS

49

282

Pre-dose, 1, 2, 3, 4,
6

≥3 months

LC-MS/MS

whole
blood

Chen et al.
[79]

China (Asia)

Single

Liver

Prograf® [po]

MMF or EC-MPS +
corticosteroids

125

1704

3-89 days

LC-MS/MS,
MEIA

whole
blood

Ji et al. [80]

Korea (Asia)

Single

Liver (LDLT)

Prograf® [po]

Corticosteroids ± MMF

58

605

All patients: Predose;
28 patients: 1, 1.5,
2, 2.5, 3, 4, 6, 8, 12
Pre-dose

0-14 days

EIA

whole
blood

Riff et al. [81]

NS

Multi

Liver

Prograf® [po] or
Advagraf® [po]

Corticosteroids

80

1654

Day 7 and
Week 6 (± 7
days)

HPLCMS/MS

whole
blood

Lu et al. [82]

China (Asia)

Single

Liver +
healthy male
volunteers

Prograf® [po]

MMF + corticosteroids

152
(liver=112,
healthy=40
)

liver=1100;
healthy=851

Prograf®: Pre-dose,
0.5, 1, 2, 3, 4, 6, 8,
12;
Advagraf®: Predose, 0.5, 1, 2, 3, 4,
6, 8, 12, 12.5, 13, 14,
15, 16, 18, 20, 24
Liver: Pre-dose;
Healthy: Pre-dose,
0.5, 1, 1.5, 2, 3, 4, 6,
12, 24, 48, 72

2–137 days

MEIA (liver
transplant),
HPLC-MS
(healthy)

whole
blood

Shao et al.
[83]

China (Asia)

Single

Liver

Prograf® [po]

Mycophenolate +
corticosteroids

43

721

Pre-dose, 0.5, 1, 1.5,
2, 3, 4, 6, 8, 12

2–90 days

CMIA

whole
blood

Saint-Marcoux
et al. [27]

France
(Europe)

Single

Lung

tacrolimus IRa [po]

MMF or azathioprine

22 (11 CF)

NS

≥3 months

MEIA

whole
blood

Monchaud et
al. [26]

France,
Belgium
(Europe)

Multi

Lung

Prograf® [po]

Corticosteroid +
azathioprine or MMF

78

2113

Pre-dose, 0.5, 1, 1.5,
2, 2.5, 3, 4, 5, 6, 8,
12
Pre-dose, 0.33, 0.66,
1, 1.5, 2, 3, 4, 6, 8,
10, 12

≤1 year

TFC-MS/MS

whole
blood

100

Chapter 3

Reference

Country of
study
(Continent)

Singleor
multicentre
Single

Type of
transplant

Tacrolimus
formulation

Concomitant
immunosuppressant
drugs

Number of
transplant
recipients

Number of
concentratio
ns

Sampling schedules
(h)

Posttransplant
time

Bioanalytical
method

Biological
fluid

Sikma et al.
[29]

Netherlands
(Europe)

Heart and
lung

Prograf® [po]

Heart: MMF +
corticosteroids;
Lung: MMF +
corticosteroids +
basiliximab

30 (10
heart, 20
lung)

Whole blood:
119;
Plasma: 90

Whole blood: Predose, 1, 1.5, 2, 2.5,
3, 4, 6, 8, 12;
Plasma: 0, 2, 3 (if
CF), 6, 12

First 6 days

HPLCMS/MS

Netherlands
(Europe)

Single

Heart and
lung

Prograf® [po]

30 (10
heart, 20
lung)

119

Pre-dose, 1, 1.5, 2,
2.5, 3, 4, 6, 8, 12

First 6 days

HPLCMS/MS

Gong et al.
[25]

China (Asia)

Single

Heart

Prograf® [po]

Heart: MMF +
corticosteroids;
Lung: MMF +
corticosteroids +
basiliximab
Mycophenolate +
corticosteroids

Whole
blood
and
plasma
(total &
unbound)
Whole
blood

Sikma et al.
[28]

146

891

Pre-dose

1-96 days

EMIT

whole
blood

Zhou et al.
[24]

China (Asia)

Single

Heart

Prograf® [po]

MMF + corticosteroids +
basiliximab

107

707

All patients: predose.
7 patients: 0.5, 1,
1.5, 2, 4, 6, 8, 10, 12

3-41 days

EMIT
(predose),
ECLIA
(intensive
sampling)

whole
blood

Lu et al. [84]

Europe,
USA,
Canada
(North
America),
Korea
(Asia),
South Africa
USA

Multi

Liver, kidney,
heart

Prograf® [po],
Advagraf® [po],
Astagraf XL® [po]

NS

408 (391
adults and
17
paediatrics)

23176

Pre-dose, 0.5, 1, 2,
3, 4, 6, 8, 12, 12.5,
13, 14, 15, 16, 18,
20, 24

NS

HPLCMS/MS,
MEIA

whole
blood

Single

Hematopoieti
c cell

tacrolimus IRa
[iv/po]

± Methotrexate

122

1625

Pre-dose

6-122 days

MEIA

whole
blood

Jacobson et al.
[30]

ACMIA antibody-conjugated magnetic immunoassay; CF cystic fibrosis; CMIA chemiluminescent microparticle immunoassay; ECLIA electrochemiluminescence immunoassays; EC-MPS enteric-coated mycophenolate
sodium; EIA enzyme immunoassay; EMIT enzyme-multiplied immunoassay technique; HPLC-MS high-performance liquid chromatography-mass spectrometry; HPLC-MS/MS high-performance liquid
chromatography-tandem mass spectrometry; IR immediate-release; iv intravenous; LC-MS/MS liquid chromatography-tandem mass spectrometry; LC-MS liquid chromatography-mass spectrometry; LDLT living
donor liver transplant; MEIA microparticle enzyme immunoassay; MMF mycophenolate mofetil; MPA mycophenolic acid; MPS mycophenolate sodium; NS not stated; po oral; TFC-MS/MS turbulence flow
chromatography-tandem mass spectrometry; UPLC-MS ultra-performance liquid chromatography-mass spectrometry.
a
Models did not specify what brand was used.
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Most studies (91%) investigated the oral immediate-release formulation of tacrolimus.
Only four studies had intravenous data [30, 32, 66, 67]. Two studies looked at the generic
oral immediate-release formulation of tacrolimus [60, 62]. Two studies simultaneously
described the pharmacokinetic disposition for both the immediate- and prolongedrelease formulations [38, 84]. Four studies explored both the intravenous and oral
immediate-release formulation to estimate oral bioavailability [30, 32, 66, 67]. Several
studies (17%), whilst reporting the formulation, did not stipulate the brand used [10, 14,
27, 30, 42, 54, 57, 59, 60, 68, 76, 77]. More than half of the studies (55%) involved
transplant recipients who received triple maintenance immunosuppressant regimen –
tacrolimus, mycophenolate, and corticosteroid.

Models were developed using intensive sampling data in 61% of the studies, while the
remainder used trough concentrations alone. Most studies (59%) used immunoassays
to determine tacrolimus concentrations, followed by liquid chromatography-mass
spectrometry (28%) or a combination of both bioanalytical methods (13%). All studies
described tacrolimus pharmacokinetics based on whole blood concentrations. Two
studies compared the difference in pharmacokinetic parameter estimates between two
physiological matrices, whole blood, and plasma concentrations [29, 70].

Most of the models (81%) were developed using NONMEM®, a parametric population
modelling software (Table 9). Some studies utilised non-parametric software, such as
Pmetrics (7%) [45, 56, 59, 64, 81]. Diagnostic goodness-of-fit plots to assess model
improvement during model building were generated by 86% of the studies. Final model
accuracy and robustness were evaluated using bootstrapping (57%) and/or visual
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predictive check (51%). Only 35% of the studies performed an external evaluation using
an independent dataset. Evaluation of these models was limited to the same type of
organ transplant population used to develop the models. Four studies did not describe
the model evaluation approach used [30, 36, 72, 75].

The pharmacokinetics of tacrolimus were described using a one-compartment model in
54% of studies and a two-compartment model in 43% of studies, all with first-order
elimination. All studies that used only trough concentration data resulted in onecompartment models. Despite the availability of intensive sampling data (≥6
concentrations), several studies (29%) developed one-compartment models instead of
two-compartment models. First-order absorption was displayed by 43% of the models.
Several studies (28%) used first-order absorption with a lag time to describe the delayed
drug absorption phase. More complex models were used by few studies (7%) to describe
the absorption phase, such as the Erlang model [26, 33, 35, 38, 47] with few transit
compartments to characterise the highly variable mean absorption time of tacrolimus
between patients [35]. Six studies (9%) described a double gamma distribution of
tacrolimus [27, 36, 39, 59, 64, 81] to explain the second peak concentration seen in some
patients [27].
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Table 9. Summary of population pharmacokinetic models of tacrolimus in adult transplant recipients.
Reference

Software

Staatz et al. [8]

NONMEM®

Model
evaluation
Goodness-of-fit
plot

Scholten et al.
[31]

MW/Pharm

Examined in a
separate cohort

Antignac et al.
[32]

NONMEM®

Bootstrap,
goodness-of-fit
plot

Benkali et al. [33]

NONMEM®

Benkali et al. [35]

NONMEM®

Bootstrap, data
splitting (crossvalidation),
goodness-of-fit
plot
Bootstrap, VPC,
examined in a
separate cohort,
goodness-of-fit
plot

Model structure

Pharmacokinetic parameters and covariate relationships

1-CMT
First-order absorption and
elimination
2-CMT
First-order absorption, with
a lag time and
first-order elimination

Ka = 4.48 h-1 (fixed)
CL/F = 23.6 + (31.9/DOT) + (76.7/AST) L/h
V/F = 1070 L
F = 0.23 (fixed)
Ka = 0.58 h-1
Lag time = 0.956 h
Ke = 0.517 h-1
V1 = (0.18*WT) L
K12 = 2.85 h-1
K21 = 0.384 h-1
CL= 28.3 L/h
F = 0.137
Ka = 4.5 h-1 (fixed)
CL = 1.81*[1 + (POD2.54/(POD2.54 + 3.812.54))]*PREDDOSE L/h
PREDDOSE = 1.575 if prednisone dosage >25 mg, otherwise PREDDOSE =
1
V = (98.4*WT) L
CLmin = Minimum CL value when POD=0
Ktr = 6.5 h-1
CL/F = (863/HCT) L/h
V1/F = 147 L
Q/F = 60 L/h
V2/F = 500 L (fixed)
Ktr = 3.3 h-1
CL/F = 19*(2.15CYP3A5) L/h
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise CYP3A5 = 1
V1/F = 486 L
K12 = 0.13 h-1
K21 = 0.09 h-1

1-CMT
First-order absorption and
elimination

2-CMT
Erlang model with 3 transit
compartments and
first-order elimination
2-CMT
Erlang model with 3 transit
compartments and
first-order elimination

BSV (%)

BOV (%)

RUV
Add RRE = 3.7
ng/mL

42
111

32

Prop RRE =
18.6%
Add RRE = 0.96
ng/ml

CLmin =31

79
15
30
26
63
52
35

24
27
71

Prop RRE = 10%
Add RRE = 1.5
ng/ml

Prop RRE = 8%
Add RRE = 0.7
ng/ml

53
54
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Reference

Software

Press et al. [34]

NONMEM®

Model
evaluation
Bootstrap, VPC,
goodness-of-fit
plot

Model structure

Pharmacokinetic parameters and covariate relationships

2-CMT
First-order absorption and
elimination

F = 0.23*[1 - (DD/(25 + DD))]*PREDDOSE
PREDDOSE = 1 if prednisolone dose ≤10 mg, otherwise PREDDOSE = 0.85
Ka = 3.7 h-1 (once-daily regimen)
Ka = 1.6 h-1 (twice-daily regimen)
CL = 3.7 L/h (CYP3A5*3/*3 genotype)
CL = 5.5 L/h (CYP3A5*1/*3 genotype)
V1 = 61 L (once-daily regimen)
V1 = 42 L (twice-daily regimen)
Q = 10 L/h
V2 = V1
Day 14 / Day 42
C0 = 0.816 ± 0.441 / 0.883 ± 0.441
a1 = 13.358 ± 6.182 / 13.880 ± 6.182
b1 = 20.414 ± 6.564 / 13.495 ± 6.564
a2 = 7.397 ± 1.581 / 4.428 ± 1.581
b2 = 2.183 ± 0.273 / 0.719 ± 0.273
r = 0.684 ± 0.146 / 0.627 ± 0.146
F*A_IV = 1.846 ± 1.359 / 2.946 ± 1.359
α = 0.199 ± 0.178 / 0.349 ± 0.178
Values expressed as mean values ± SD;
C0 is trough concentration.
a1, b1, a2 and b2 are the parameters of the gamma distribution,
r is the fraction of drug absorbed through the first route,
F is the bioavailability,
A_IV is the initial concentration,
α is the apparent elimination rate after intravenous bolus administration
of a unit dose.
F = 1.18
Ka = 4.5 h-1 (fixed)
CL = 0.862 + 0.32*DD + 1.16*PREDDOSE L/h
PREDDOSE = 1 if prednisolone dose >25 mg, otherwise PREDDOSE = 0
V = 166 L

Saint-Marcoux et
al. [36]

ITSIM

NS

1-CMT open model
Double gamma distribution
and first-order elimination

VelickovicRadovanovic et
al. [37]

NONMEM®

Examined in a
separate cohort,
goodness-of-fit
plot

1-CMT
First-order absorption and
elimination

BSV (%)

BOV (%)

RUV

22

Prop RRE = 23%

19
28

Prop RRE =
30.95%
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Reference

Software

Model
evaluation
Examined in a
separate cohort,
VPC, goodnessof-fit plot

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

BOV (%)

RUV

Woillard et al.
[38]

NONMEM®

2-CMT
Erlang model with 3 transit
compartments and firstorder elimination

24
28
31
54
60

33
31
75

Prop RRE =
11.3%
Add RRE = 0.71
ng/mL

In-house
program

Examined in a
separate cohort

1-CMT
Gamma distribution, with 2
parallel absorption routes
and first-order elimination

Grover et al. [40]

NONMEM®

Goodness-of-fit
plot

2-CMT
First-order absorption, with
a lag time and first-order
elimination

Passey et al. [41]

NONMEM®

Bootstrap,
goodness-of-fit
plot

NS

Ktr = 3.34*(1.53FORM) h-1
CL/F = 21.2*[(HCT/35)-1.14]*(2CYP3A5) L/h
V1/F = 486*(0.29FORM) L
Q/F = 79 L/h
V2/F = 271 L
FORM = 0 if patient received Advagraf®, otherwise FORM = 1
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise CYP3A5 = 1
CL/F = 26.3 ± 12.2 L/h (LC-MS/MS)
CL/F = 23.4 ± 11.4 L/h (CMIA)
CL/F = 23.4 ± 12.1 L/h (EMIT)
V/F = 405 ± 171 L (LC-MS/MS)*
V/F = 321 ± 168 L (CMIA)
V/F = 264 ± 125 L (EMIT)*
Values expressed as mean values ± SD;
*Variance of log-transformed parameter (approximately equal to the
coefficient of variation squared), unit-less.
Ka = 1.38 h-1
Lag time = 0.573 h
CL/F = 10.1 L/h
V1/F = 73.3 L
Q/F = 27.1 L/h
Vss/F = 462 L
CL/F = 38.4*[1 (if POD 3–5) or 0.86 (if POD 6–10) or 0.71 (if POD 11–
180)]*[1.69 (if CYP3A5*1/*3 genotype) or 2.00 (if CYP3A5*1/*1
genotype) or 1 (if CYP3A5*3/*3 genotype)]*[0.7 (if steroid sparing
centre), otherwise = 1]*[(Age/50)-0.4]*[0.94 (if CCB is present), otherwise
= 1] L/h

Saint-Marcoux et
al. [39]

46
13.3
43.5
36.9
50.4
40.1

Add RRE = 3.19
ng/ml
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Reference

Software

Musuamba et al.
[42]

NONMEM®

Model
evaluation
Bootstrap, case
deletion
diagnostics,
cross-validation,
VPC, goodnessof-fit plot

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

2-CMT
First-order absorption, with
a lag time and first-order
elimination

Ka = 0.45 h-1
Lag time = 0.1 h
CL/F = 16.3 + CYP3A5 + ABCB1 + (20.6*HCT/21) L/h
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise CYP3A5 =
15.4
ABCB1 = 7.6 if patient a CC-GG-CC carrier at ABCB1 exons 12-21-26,
otherwise ABCB1 = 0
V1/F = 86.4 L
Q/F = 58.2 L/h
V2/F = 1115 L
Ka = 1.68 h-1
Lag time = 0.045 h
CL/F = 3.85 L/h
V1/F = 221 L
Q/F = 21.9 L/h
V2/F = 520.8 L
Ka = 4.5 h-1 (fixed)
CL/F = 22.9*[EXP(0.170 (If CYP3A5*1/*3) or 0.0525 (If CYP3A5*3/*3) or
0.111 (If CYP3A5*1/*1))]*[EXP(0.297 (if HCT≤33) or 0.117 (if HCT
>33))]*(POD-0.00762) L/h
V/F = 716*[EXP(0.355*WT/59.025)] L
Ka = 0.544 h-1
Lag time = 0.183*(2.60DM) h
DM = 1 if diabetic, otherwise DM = 0
CL/F = 20.7*[(Age/50)-0.78]*[2.03CYP3A5]*[1.40ABCC2] L/h
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise CYP3A5 = 1;
ABCC2 = 1 if patient is ABCC2 haplotype H2/H2 or H1/H2, otherwise
ABCC2 = 0
V1/F = 234 L
Q/F = 70.7 L/h
V2/F = 1319 L

91
61
32

Musuamba et al.
[10]

NONMEM®

Goodness-of-fit
plot

2-CMT
First-order absorption, with
a lag time and first-order
elimination

Han et al. [43]

NONMEM®

Bootstrap, VPC,
goodness-of-fit
plot

1-CMT
First-order absorption and
elimination

Bootstrap, VPC,
goodness-of-fit
plot

2-CMT
First-order absorption, with
a lag time and first-order
elimination

Ogasawara et al.
[11]

NONMEM®

BOV (%)

RUV
Prop RRE = 13%
Add RRE = 0.88
ng/mL

55
48
199
350
185
133

Prop RRE = 1%
Add RRE = 0.97
ng/mL

144
49.8

Prop RRE = 40%
Add RRE = 0.4
ng/mL

48.7
Prop RRE =
18.4%
43.9

157
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Reference

Software

Zuo et al. [44]

NONMEM®

Model
evaluation
Bootstrap, VPC,
goodness-of-fit
plot

Model structure

Pharmacokinetic parameters and covariate relationships

1-CMT
First-order absorption and
elimination

Ka = 3.09 h-1 (fixed)
CL/F = 26.6*[(HCT/27.9)-0.451]*CYP3A L/h
CYP3A = 1.21 if patient has CYP3A5*1/*1 or CYP3A5*1/*3,
CYP3A4*1/*1G or CYP3A4*1G/*1G genotype;
CYP3A = 0.982 if patient has CYP3A5*1/*1, CYP3A5*1/*3 or
CYP3A4*1/*1 genotype;
CYP3A = 0.77 if patient has CYP3A5*3/*3, CYP3A4*1/*1G or
CYP3A4*1G/*1G genotype;
CYP3A = 0.577 if patient has CYP3A5*3/*3 or CYP3A4*1/*1 genotype
V/F = 1020 L
F = 0.63 (CYP3A5 expressers) or 1 (CYP3A5 non-expressers)
Ka = 1.04 h-1
Lag time = 1.0 h (first week)
Lag time = 0.15 h (week 2–4)
Lag time = 0.59 h (after first month)
CL/F = 26.7*[(FFM/59)0.75] L/h (CYP3A5 expressers)
CL/F = 21.2*[(FFM/59)0.75] L/h (CYP3A5 non-expressers)
V1/F = 177*(BMI/26) L
Q/F = 19.5*[(FFM/59)0.75] L/h
V2/F = 3707*(FFM/59) L
Not clear how HCT was modelled on CL/F, V1/F or V2/F
Ka = 8.34 h-1
Lag time = 0.872 h
CL/F = 30.6*[(WT/70)0.75]*CYP3A5 L/h
CYP3A5 = 1 if patient is a CYP3A5*3/*3, CYP3A5 = 1.66 if patient is a
CYP3A5*1/*3
V/F = 1100*(WT/70) L
Ktr = 3.77 h-1
CL/F = 22.6 L/h
V1/F = 84.2*(WT/72)1.77 L
Q/F = 50.4 L/h
V2/F = 300 L (fixed)

Asberg et al. [45]

Pmetrics

Examined in a
separate cohort,
goodness-of-fit
plot

2-CMT
First-order absorption, with
a lag time and first-order
elimination

Zhao et al. [46]

NONMEM®

Bootstrap, VPC,
NPDE, goodnessof-fit plot

1-CMT
First-order absorption with a
lag time and first-order
elimination

Bootstrap,
jackknife,
goodness-of-fit
plot

2-CMT
Erlang model with 3 transit
compartments and firstorder elimination

Gaies et al. [47]

NONMEM®

BSV (%)

BOV (%)

24.2

RUV
Prop RRE =
19.8%
Add RRE = 1.47
ng/mL

58.5

150

Prop RRE
=22.1%

34.6

52.1
11.66
41.83
7.69
100

Prop RRE = 16%
Add RRE = 0.71
ng/ml

BSV on WT=41.8%
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Reference

Software

Storset et al. [48]

NONMEM®

Bergmann et al.
[49]

NONMEM®

Model
evaluation
Bootstrap, VPC,
goodness-of-fit
plot

Bootstrap, VPC,
goodness-of-fit
plot

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

BOV (%)

RUV

2-CMT
First-order absorption, with
a lag time and first-order
elimination

F = [1.87 + (1 – 1.87)/(1 + (POD/2.6)-10))]*[1 + 0.27/(1 + (POD/30)-2.3)
)]*[Fmin,age + (1 - Fmin,age)/(1 + (AGE/44)-12.2)]*CYP3A5
CYP3A5 = 0.51 if patient is a CYP3A5 expresser, otherwise CYP3A5 = 1.
Fmin,age = 0.44 (females) or 0.68 (males).
Ka = 1.14 h-1
Ka, substudy 2 = 0.37 h-1
Lag time = 0.21 h
Lag time, substudy 2 = 0.82 h
CL/Fn = 20.5*[(FFM/60)0.75] L/h
V1/Fn = 105*(FFM/60) L
Q/Fn = 35.8*[(FFM/60)0.75] L/h
V2/Fn = 450*(FFM/60) L
Correlations (CL/Fn, Q/Fn) = 0.75
Pharmacokinetic parameters were standardised to a 40-year-old male,
CYP3A5 non-expresser with FFM of 60 kg and HCT of 45% at a time point
with the lowest estimated bioavailability (Fn, POD 5)
Ka = 0.35 h-1
Lag time = 0.44 h
CL/F = 25.5*(1.6CYP3A5)*[(1 –1.01*(HCT - 0.33))]*[(WT/70)0.75]*
[(1 – 0.0021*(POD - 22.7))] L/h
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise CYP3A5 = 1
POD is capped at 180 days
V1/F = 113*[(1 - 0.0028*(PredCmax,unbound - 155.5)) L
PredCmax,unbound is maximum concentration value for free prednisolone
(nmol/L)
Q/F = 67.9 L/h
V2/F = 1060 L
Correlations:
V1/F, Ka = 0.677
V1/F, V2/F = –0.049
Ka, V2/F = –0.013

BSV
Fmax,late =
117

Fn = 16

Prop RRE =
16.7%
Study 2 factor =
0.57
Study 3 factor =
0.73

2-CMT
First-order absorption, with
a lag-time and first-order
elimination

63

33
14
91
52

47.6

Prop RRE =
18.3%

29.5

29.9

46.8

126.5

89.4

109

Chapter 3

Reference

Software

Golubovic et al.
[50]

NONMEM®

Storset et al. [51]

NONMEM®

Han et al. [52]

Robles-Piedras et
al. [55]

NONMEM®

NONMEM®

Model
evaluation
Bootstrap, VPC,
goodness-of-fit
plot

Model structure

Pharmacokinetic parameters and covariate relationships

1-CMT
First-order absorption and
elimination

Bootstrap, VPC,
examine in
separate cohort

2-CMT
First-order absorption with a
lag time and first-order
elimination

Ka = 1.3 h-1 (fixed)
CL/F = 10.017*[(POD/47)-0.0283]*[(WT/68)0.869]*[(TP/63)0.161]*
[1 – 0.086*(AST – 15)]*[1 – 0.831*(HCT – 0.31)] L/h
V/F = [0.68*WT] L (fixed)
F = 1*[1 – (0.67*PREDDOSE)/(35 + PREDDOSE)]*[2.68 (If POD 1),
otherwise = 1]*[0.82 (If CYP3A5 expresser), otherwise = 1]
CLp/F = 811*[(FFM/60)0.75]*[1.3 (If CYP3A5 expresser) or 1 (If CYP3A5
non-expresser)] L/h
V1p/F = 6290*FFM/60 L
Qp/F = 1200*[(FFM/60)0.75] L/h
V2p/F = 32100*FFM/60 L
Ka = 1.01 h-1
Lag time = 0.41 h
CL/F (HCT 45%, FFM 60 kg) = 16.1 L/h
V1/F (HCT 45%, FFM 60 kg) = 125 L
Q/F (HCT 45%, FFM 60 kg) = 23.8 L/h
V2/F (HCT 45%, FFM 60 kg) = 636 L
Correlation:
V1/F, CL/F = 0.43
CL/F, Q /F = 0.62
Ka = 3.43 h-1
Lag time = 0.25 h (fixed)
CL/F = 21.9*(1 + 0.0119*(POD - 9.6))*[0.816CYP3A5] L/h
CYP3A5 = 1 if patient is a CYP3A5 non-expresser, otherwise CYP3A5 = 0
V/F = 205 L
Ka = 4.5 h-1 (fixed)
CL/F = 22.5 L/h
V/F = 812.7 L
Factor for CCB = 7.6a
Factor for HCT = 10.2a

Bootstrap, VPC,
examined in a
separate cohort,
goodness-of-fit
plot
Examine in a
separate cohort,
goodness-of-fit
plot

1-CMT
First-order absorption, with
a lag time and first-order
elimination
1-CMT open model
First-order absorption and
elimination

BSV (%)

BOV (%)

Add RRE = 4.07
ng/mL

15.2

FPOD1 = 57

RUV

23

Prop RRE =
14.9%

120
40
54
63

158.9
42.6

Prop RRE = 5.4%
Add RRE = 1.94
ng/mL

64.6
52.9
82.1

Add RRE = 15.2
ng/mL
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Software

Andreu et al. [53]

NONMEM®

Zhang et al. [54]

NONMEM®

Fredj et al. [56]

Pmetrics

Vadcharavivad et
al. [57]

NONMEM®

Zhang et al. [12]

NONMEM®

Model
evaluation
Bootstrap, VPC,
NPDE, goodnessof-fit plot,
examine in a
separate cohort

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

2-CMT
First-order absorption with 3
transit compartments in the
absorption phase and firstorder elimination

35
32

Bootstrap,
goodness-of-fit
plot

1-CMT
First-order absorption and
elimination

Examine in a
separate cohort,
goodness-of-fit
plot, VPC
Bootstrap, VPC,
goodness-of-fit
plot

1-CMT

Ka = 0.47 h-1
Mean transit time (MTT) = 0.83 h
Number of transit compartments (NN) = 3 (fixed)
Ktr = 3.61 h
CL/F = 16.5 L/h
V1/F = 9.89 L
Q/F = 35.56 L/h
V2/F = 526.03 L
Ka = NS
CL/F = 23.3*(1.04*gene 1 + 0.83*gene 2 + 0.62*gene 3) L/h
If CYP3A5 genotype was *1/*1 or *1/*3 and POR*28 genotype was CC:
gene 1 = 0, gene 2 = 1 and gene 3 = 0;
If CYP3A5 genotype was *1/*1 or *1/*3 and POR*28 genotype was CT or
TT: gene 1 = 1, gene 2 = 0 and gene 3 = 0;
If CYP3A5 genotype was *3/*3: gene 1 = 0, gene 2 = 0 and gene 3 = 1
V/F = 240 L (fixed)
CL/F = 3.6 L/h
V/F = 9.9 L

1-CMT
First-order absorption and
elimination

Ka = 7.06 h-1 (fixed)
CL/F = 21.5*[EXP(-0.05*(HB - 11.8))]*[(DOT/125)-0.06] L/h
V/F = 333 L

Bootstrap, VPC,
goodness-of-fit
plot

1-CMT
First-order absorption and
elimination

Ka = 4.5 h-1 (fixed)
CL/F = 22.4*[EXP(-0.0526*83/POD)]*[(39.1/HCT)0.548]*
[EXP(-0.32*CYP3A5)] L/h
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise CYP3A5 = 1
V/F = 179*[POD0.842] L

39

26.3

BOV (%)

RUV
Prop RRE = 21%

29

Prop RRE =
21.1%
Add RRE = 0.81
ng/mL

10 (fixed)

36.8
63.64

50

Prop RRE =
23.17 %
Add RRE = 0.88
ng/ml
Add RRE = 2.33
ng/ml

60.4
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Andreu et al. [58]

NONMEM®

Woillard et al.
[59]

Pmetrics

Model
evaluation
Bootstrap, VPC,
examine in a
separate cohort

Model structure

Pharmacokinetic parameters and covariate relationships

2-CMT
First-order absorption, with
a lag-time and first-order
elimination

NPDE, VPC,
goodness-of-fit
plot

1-CMT
Double gamma distribution
and first-order elimination

Ka = 0.138 h-1
Lag time = 0.243 h
CL = 20.5*(1 - 0.205*AGE) L/h (CYP3A4*22 non-carriers with the
CYP3A5*1 carrier)
CL = 12.5*(1 - 0.205*AGE) L/h (CYP3A4*22 non-carriers with the
CYP3A5*3/*3 genotype or CYP3A4*22 carriers with the CYP3A5*1/*1
genotype)
CL = 9.1*(1 - 0.205*AGE) L/h (CYP3A4*22 carriers with the CYP3A5*3/*3
genotype)
AGE = 1 if patient’s age ≥63 years old, otherwise AGE = 0
V1 = 5.02 L
Q = 4.2 L/h
V2 = 526 L (fixed)
Tacrolimus whole blood concentrations standardised to an HCT of 45%.
C0 = 2.94
a1 = 12.33
b1 = 20.36
a2 = 15.19
b2 = 5.05
r = 0.46
F*AIV = 24.52
α = 1.52
θCYP3A = 0.77
Values expressed as mean;
C0 = the model estimated tacrolimus trough level for a theoretical dose
of 1000 mg (the real trough level can be calculated by dividing this value
by 1000 and multiplying by the patient dose);
a1, b1, a2 and b2 = parameters of the gamma distributions;
r = the fraction of dose absorbed following the first gamma function;
F = bioavailability coefficient; α = elimination parameter;
AIV = initial blood concentration obtained after a bolus IV injection;
θCYP3A = effect of CYP3A on the typical value of tacrolimus blood
concentrations

BSV (%)

BOV (%)

RUV
Prop RRE = 25%

27.8

33.3
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Software

Campagne et al.
[13]

NONMEM®

Model
evaluation
Bootstrap, VPC,
goodness-of-fit
plot

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

2-CMT
First-order absorption with a
lag time and first-order
elimination

Ka = 4.21 h-1
Lag time = 0.828 h
CL/F = 19.7*1.45H1*2.25H2 L/h
H1 = 1 for CYP3A5*3*6*7 (intermediate metaboliser), otherwise H1 = 0;
H2 = 1 for CYP3A5*3*6*7 (extensive metaboliser), otherwise H2 = 0
V1/F = 234*(WT/85.9) L
Q/F = 52.6 L/h
V2/F = 403 L
Ka = 2.2 h-1
Lag time = 0.554 h
CL/F = 17.9*[(eGFR/56)-0.885] L/h
V1/F = 150*[(eGFR/56)-2.13] L
Q/F = 53.7 L/h
V2/F = 700 L
Ka = 3.09 h-1 (fixed)
CL/F = 27.2*[(WT/70)0.75]*[(HCT/0.35)-0.501]*[(POD/180)0.0306]*CYP3A5
L/h
CYP3A5 = 0.753 if patient is a CYP3A5 non-expresser, otherwise CYP3A5
=1
V/F = 240 L (fixed)
Ka = 1.04 h-1 (fixed)
FLimustin® = 0.53
FFramebin® = 1
CL/F = 12.3*[(HCT/39.2)-0.32]*(1 + [1.12 (if CYP3A5*1/*1 genotype) or
0.531 (if CYP3A5*1/*3 genotype) or 0 (if CYP3A5*3/*3 genotype)]) L/h
V/F = 604 L

69.4

Rong et al. [60]

Monolix

Bootstrap, VPC,
goodness-of-fit
plot

2-CMT
First-order absorption with a
lag time and first-order
elimination

Zhu et al. [61]

NONMEM®

Bootstrap,
examine in
separate cohort,
VPC, goodnessof-fit plot

1-CMT
First-order absorption and
elimination

Bootstrap,
examine in
separate cohort,
goodness-of-fit
plot

1-CMT
First-order absorption and
elimination

Resendiz-Galvan
et al. [62]

NONMEM®

BOV (%)

RUV
Prop RRE = 9%

37

76.7
48.6
57.3
51.9
34.6
80.8
55.8
106
28.8

Add RRE = 0.771
ng/ml

9.6

Prop RRE =
18.8%
Add RRE = 2.5
ng/ml

Add RRE = 2.5
ng/ml
33
63.3
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Andrews et al.
[63]

NONMEM®

Woillard et al.
[64]

Pmetrics &
ITSIM

Model
evaluation
VPC, goodnessof-fit plot, NPDE,
examine in a
separate cohort

VPC, goodnessof-fit plot

Model structure

Pharmacokinetic parameters and covariate relationships

2-CMT
First-order absorption with a
lag time and first-order
elimination

Ka = 3.58 h-1
Lag time = 0.38 h
CL/F = 23*[1.0 (if CYP3A5*3/*3) or 1.631 (if CYP3A5*1/*3 or
CYP3A5*1/*1)]*[1.0 (if CYP3A4*1 or unknown) or 0.8 (if CYP3A4*22)]*
[(Age/56)-0.43]*[(ALB/42)0.43]*[(BSA/1.93)0.88]*[(SCR/135)-0.14]*
[(HCT/0.34)-0.76] L/h
V1/F = 692*[(LBW/58.94)1.52] L
Q = 11.6 L/h
V2/F = 5340 L
Kidney – ITSIM / Pmetrics
C0 = 1.7 (0.3-5.2) / 1.7 (0.3–4.9) mg/L
FAIV = 2.8 (0.7–6.1) / 2.3 (0.5–9.9) µg/L
a1 = 7.9 (1.0–23.3) / 19.4 (1.2–39.8)
b1 = 5.6 (1.2–11.0) / 5.9 (0.2–29.8) h-1
a2 = 13.8 (1.0–33.8) / 20.7 (4.3–39.8)
b2 = 2.3 (0.3–5.7) / 6.8 (0.8–29.8) h-1
r = 0.4 (0.0–1.0) / 0.6 (0.0–0.9)
α = 0.17 (0.05–0.45) / 0.15 (0.01–0.99) h-1
Cmax = 12.1 (5.4–31.5) / 12.4 (5.4–39.6) µg/L
Tmax = 6.3 (1.3–12.7) / 5.4 (1.0–10.2) h

1-CMT
Double gamma distribution
and first-order elimination

BSV (%)

38.6

49.2
78.7
53

BOV (%)

RUV

13.6

Prop RRE =
17.7%
(immunoassay);
24.5% (HPLCMS/MS)
Add RRE = 0.88
ug/L
(immunoassay)

Liver – ITSIM / Pmetrics
C0 = 1.3 (0.3–3.4) / 1.4 (0.4–3.4) mg/L
FAIV = 2.6 (34%) / 2.0 (0.7–19.1) µg/L
a1 = 5.2 (1.0–11.9) / 27.2 (4.2–49.7)
b1 = 5.5 (1.8–12.8) / 5.5 (0.3–48.7) h-1
a2 = 14.3 (4.1–30.9) / 20.8 (1.2–49.7)
b2 = 2.9 (0.6–7.3) / 8.6 (0.5–29.8) h-1
r = 0.21 (0.0–0.64) / 0.62 (0.11–0.99)
α = 0.18 (0.05–0.43) / 0.18 (0.02–1.49) h-1
Cmax = 11.7 (3.70–30.6) / 12.5 (4.2–29.5) µg/L
Tmax = 5.5 (1.2–15.0) / 5.6 (0.8–20.2) h
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Reference

Nanga et al. [23]

Macchi-Andanson
et al. [65]

Fukatsu et al. [66]

Software

NONMEM®

NPEM2

NONMEM®

Model
evaluation

VPC, goodnessof-fit plot,
bootstrap,
examine in a
separate cohort

Cross-validation,
goodness-of-fit
plot

Goodness-of-fit
plot, examined
in a separate
cohort[67]

Model structure

2-CMT
First-order absorption with a
lag time and first-order,
time-varying elimination

1-CMT
First-order absorption and
elimination

1-CMT
No absorption process,
First-order elimination

Pharmacokinetic parameters and covariate relationships
Values expressed as median (min-max);
C0 is the model estimated trough level for a theoretical dose of 1000 mg
(the real trough level can be calculated by dividing this value by 1000 and
multiplying by the patient dose);
FAIV is the estimated, absolute bioavailability factor with respect to the
intravenous route;
a1, b1, a2, b2 are the shape and scale of the two gamma functions;
r is the fraction of dose absorbed following the first gamma function;
α is the elimination parameter;
Cmax is maximum concentration; Tmax is time to Cmax; Cmax and Tmax were
estimated from the fitted pharmacokinetic profiles.
F = 0.53 (syrup formulation)
Ka = 3.37 h-1 (fixed)
Lag time = 0.32 h (fixed)
CL = 22.5*[(WT/50)0.61]*[0.38(1 - TRANS)]*(1 + TICL) L/h
TRANS = 0 if liver transplant, otherwise TRANS = 1
TICL = (POD8.88)/[POD8.88 + 6.128.88] if liver transplant, otherwise TICL = 0
V1 = 246.2*[(WT/50)0.53] L
Q = 24.2 L/h
V2 = 109.9 L
F = 0.25 (fixed)
Ka = 4.5 h-1 (fixed)
V = 1.58*WT (POD 1–4), 2.06*WT (POD 5–7), 3.45*WT (POD 8–11),
2.56*WT (POD 12–14) L
Ke = 0.07 (POD 1–4), 0.11 (POD 5–7), 0.09 (POD 8–11), 0.09 (POD 12–14)
h-1
F = 0.0677
CL = (0.737 + 0.0134*POD)*[0.728BILI]*[0.809SCR]*(HW/600) L/h
BILI = 1 if total bilirubin >2.5mg/dL, otherwise BILI = 0;
SCR = 1 if serum creatinine >1 mg/dL, otherwise SCR = 0
V = (1.52*WT) L
Correlation (CL, F) = 0.776

BSV (%)

BOV (%)

RUV

Prop RRE =
24.32%
59.4

Add RRE = 3.22
ng/mL

133.2

79 -124
89 - 150
63.0
57.4

Add RRE = 2.9
ng/mL

39.7
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Software

Fukudo et al. [67]

NONMEM®

Staatz et al. [9]

Antignac et al.
[68]

Zahir et al. [69]

NONMEM®

NONMEM®

NONMEM®

Model
evaluation
Goodness-of-fit
plot

Examined in a
separate cohort,
goodness-of-fit
plot
Bootstrap,
goodness-of-fit
plot

Examined in a
separate cohort,
goodness-of-fit
plot

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

1-CMT
No absorption process,
First-order elimination

F = 0.0732
CL = (0.743 + 0.0157*POD)*[0.792BILI]*[0.810SCR]*(HW/600) L/h
BILI = 1 if total bilirubin >2.5 mg/dL, otherwise BILI = 0;
SCR = 1 if serum creatinine >1 mg/dL, otherwise SCR = 0
V = (1.64*WT) L
Correlation (CL, F) = 0.770
Ka = 4.48 h-1 (fixed)
CL/F = 29.6 L/h (AST <70 U/L)
CL/F = 24.0 L/h (AST >70 U/L)
V/F = 601*(WT/72.1) L
Ka = 4.48 h-1 (fixed)
CL/F = (CL/Fmax*POD4.9)/(TCL504.9 + POD4.9) L/h
CL/Fmax = 36*[(ALB/38)-0.64] L/h
CL/Fmax is the maximum CL value at plateau
TCL50 = 6.3*[(AST/46)0.28]
TCL50 is the time needed to obtain 50% of maximum CL
V/F = 1870 L
Correlation (CL/Fmax, V/F) = 0.55
Ka = 4.5 h-1 (fixed)
CL/F = 21.3 + 9.8*(1 - HCT) + 3.4*(1 - ALB) - 2.1*(1 - DIL) - 7.4*(1 – FLU)
L/h
HCT = 0 if haematocrit <0.35, otherwise HCT = 1;
ALB = 0 if albumin <3.5 g/dL, otherwise ALB = 1;
DIL = 0 if diltiazem co-administered, otherwise DIL = 1;
FLU = 0 if fluconazole co-administered, otherwise FLU = 1
V/F = 314 L

71.2
60

1-CMT
First-order absorption and
elimination
1-CMT
First-order absorption and
elimination

1-CMT
First-order absorption and
elimination

BOV (%)

RUV
Add RRE = 2.57
ng/mL

35.4

43

Add RRE = 3.3
ng/mL

93
Add RRE = 3.07
ng/mL
43.6
33.2
49.0

31.6

Prop RRE =
24.3%

116

Chapter 3

Reference

Software

Lee et al. [14]

NONMEM®

Sam et al. [70]

NONMEM®

Li et al. [71]

NONMEM®

Model
evaluation
Examined in a
separate cohort,
goodness-of-fit
plot

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

1-CMT
First-order absorption and
elimination

35.35

Case deletion
diagnostics or
cross-validation,
goodness-of-fit
plot

1-CMT
First-order absorption and
elimination

CL/F = (0.36 + (2.01/POD)*LPOD)*[BILI-0.23]*[0.49EPOD]*[0.75INR]*
[0.86GWBWR]*WT L/h
LPOD = 1 if POD >35 days, otherwise LPOD = 0;
BILI = 1 if total bilirubin level ≤1.2 mg/dL, otherwise BILI = total bilirubin
level;
EPOD = 1 if POD ≤3 days, otherwise EPOD = 0;
INR = 1 if INR >1.4, otherwise INR = 0;
GWBWR = 1 if graft: recipient body weight ratio ≤1.25%, otherwise
GWBWR = 0
V/F = 568 L
Whole blood
Ka = 2.08 h-1
CL/F = 14.1 + 0.237*(WT-55) – 2.93*Y – 0.0801*(SCR-60) L/h
Y=0 for ALP<200 U/L; Otherwise, Y=1
V/F = 217 – [7.83*(HCT-31.1)] + [179*(HT-1.61)] L
Plasma
Ka = 5.21 h-1
CLp/F = 537 + 10.5*(WT-55) L/h
Vp/F = 563 + 5380Ce/Cp L
Ce/Cp = 1 if erythrocyte-to-plasma ratio of concentration ≥68, otherwise
Ce/Cp = 0
Ka = 4.48 h-1 (fixed)
CL/F = 15.9 – 1.88*BILI + 7.65*CYPD + 7*CYPR L/h
BILI = 0, if total bilirubin level ≤25.7 µmol/L
BILI = 1, if total bilirubin level 25.8 – 51.4 µmol/L
BILI = 2, if total bilirubin level 51.5 – 77.1 µmol/L
BILI = 3, if total bilirubin level 77.2 – 128.5 µmol/L
BILI = 4, if total bilirubin level >128.5 µmol/L
CYPD = 0 if donor CYP3A5*3/*3, otherwise CYPD = 1
CYPR = 0 if recipient CYP3A5*3/*3, otherwise CYPR = 1
V/F = 620 L

Examined in a
separate cohort,
goodness-of-fit
plot

1-CMT
First-order absorption and
elimination

BOV (%)

RUV
Add RRE = 3.14
ng/mL

68.12
Prop RRE = 34.8
%
65.7
63.8
Add RRE = 0.548
ng/mL
96
105.4

31.2

Add RRE = 2.81
ng/mL

55
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Reference

Software

Blanchet et al.
[72]

WINBUGS

Zhang et al. [73]

Oteo et al. [74]

NONMEM®

NONMEM®

Valdivieso et al.
[75]

NONMEM®

Zhu et al. [76]

NONMEM®

Model
evaluation
NS

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

BOV (%)

RUV

2-CMT
First-order absorption and
elimination

Ka = 4.03 h-1
CL/F = 2.85*[0.36W/S]*[1.026FV] L/h
W/S and FV were expressed as 0 or 1
V1/F = 87 L
Q/F = 22 L/h
V2/F = 1290 L
*Variance of the log-transformed parameter (approximately equal to the
coefficient of variation squared), unit-less. Covariates between
parameters were close to 0.
**Approximately equal to the coefficient of variation squared, unit-less.
Ka = 4.0 h-1 (fixed)
CL/F = 20.9*[(DD/4)0.582]*[(HCT/35.4)0.418]*[(TP/69.1)0.780]*[0.841SU] L/h
SU = 1 if sulfonylurea co-administered, otherwise SU = 0
V/F = 808*[(HCT/35.4)1.52]*[(TP/69.1)1.81]

0.44*
0.23*

13.1*
0.30*

Prop RRE =
0.012**

0.44*
0.39*
0.36*

0.74*
0.85*
1.35*

Bootstrap,
goodness-of-fit
plot

1-CMT
First-order absorption and
elimination

Examined in a
separate cohort,
goodness-of-fit
plot

1-CMT
First-order absorption and
elimination

NS

1-CMT
First-order absorption and
elimination

Bootstrap, VPC,
goodness-of-fit
plot

2-CMT
First-order absorption and
elimination

Ka = 4.48 h-1 (fixed)
CL/F (POD: 0–3) = 11.1 L/h, if AST <500 U/L and rapid recovery
CL/F (POD: 0–3) = 8.04 L/h, if AST ≥500 U/L or slow recovery
CL/F (POD: 4–15) = 17.8 L/h, if AST <500 U/L and rapid recovery
CL/F (POD: 4–15) = 24.5 L/h, if ALB <2.5 g/dL and HCT <28%
V/F (POD: 0–3) = 328 L
V/F (POD: 4–15) = 568 L
Ka = 4.48 h-1 (fixed)
CL/F (POD: 0–3) = 14.5 L/h
CL/F (POD: 0–3) = 10.1 L/h (high AST)
CL/F (POD: 4–15) = 19.3 L/h
CL/F (POD: 4–15) = 23.8 L/h (low HCT and ALB)
V/F (POD: 0–3) = 365 L
V/F (POD: 4–15) = 597 L
Ka = 0.723 h-1
CL/F = 11.2*[DD0.371]*[POD0.127] L/h
V1/F = 406 L
Q/F = 57.3 L/h
V2/F = 503 L

23.8
70.4
45.93 (POD:
0–3)
36.74 (POD:
4–15)
52.15
20.2
54.3 (POD:
0–3)
36.74 (POD:
4–15)
54.49
30.09
74.3
16.2
163
19.7
199

Prop RRE =
33.6%
Add RRE = 0.96
ng/mL
Prop RRE =
28.04%

Add RRE = 3.04
ng/mL

Prop RRE =
26.54%
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Reference

Software

Zhu et al. [77]

NONMEM®

Moes et al. [78]

Ji et al. [80]

NONMEM®

NONMEM®

Model
evaluation
Bootstrap,
goodness-of-fit
plot, examined
in a separate
cohort

Bootstrap, VPC

Bootstrap, VPC,
goodness-of-fit

Model structure

Pharmacokinetic parameters and covariate relationships

1-CMT
First-order absorption and
elimination

Ka = 4.48 h-1 (fixed)
CL/F = 17.6 L/h
Factor for POD on CL/F = 0.205a
Factor for BUN on CL/F = -0.116a
Factor for ALP on CL/F = 0.165a
Factor for total BILI on CL/F = -0.142a
Factor for HCT on CL/F = -0.789a
Factor for CYP3A5 on CL/F = 0.661a
V/F = 225 L
Factor for POD on V/F = 0.852a
Factor for HB on V/F = -0.813a
Ka = 3.76 h-1
F = 0.23 (fixed)
CL = 4.21*(1 + COMB) L/h
COMB = 0, if donor and recipient are CYP3A5*1 non-carriers
COMB = 0.33, if recipient is CYP3A5*1 carrier and donor is non-carrier
COMB = 0.33, if recipient is CYP3A5*1 non-carrier and donor is carrier
COMB = 0.71, if both donor and recipient are CYP3A5*1 carriers
V1 = 88.3 L
Q = 14 L/h
V2 = 145 L
Ka = 4.48 h-1 (fixed)
CL/F = 6.33*[POD0.257]*[2.314 (if CYP3A5 expresser recipient grafted from
CYP3A5 expresser donor) or 1.523 (if CYP3A5 expresser recipient grafted
from CYP3A5 non-expresser donor)] L/h
V/F =465*[POD0.322] L

2-CMT
First-order absorption with 3
transit compartments and
first-order elimination

1-CMT
First-order absorption and
elimination

BSV (%)

53.9

BOV (%)

RUV
Prop RRE =
28.4%
Add RRE = 0.606
ng/mL

68.0

65.9

Prop RRE = 13%

42.8

86.3

34.2

Prop RRE =
42.7%
Add RRE = 0.838
ng/ml

45.5
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Reference

Software

Chen et al. [79]

NONMEM®

Riff et al. [81]

Pmetrics &
ITSIM

Model
evaluation
Bootstrap, VPC,
goodness-of-fit

VPC, datasplitting,
goodness-of-fit

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

2-CMT
First-order absorption with a
lag time and first-order
elimination

Ka = 0.55 h-1
Lag time = 1.96 h
CL/F = 21.9*[EXP(0.01*POD)]*[EXP(0.26*CrCL/103.1)]*
[EXP(-0.15*ABCB1)] L/h
V1/F =284*[EXP(-0.13*ABCB1)] L
Q/F = 62.1 L/h
V2/F = 710 L
ABCB1 = 0 if patient is a 3435 CC,
ABCB1 = 1 if patient is a 3435 CT,
ABCB1 = 2 if patient is a 3435 TT
ITSIM - Prograf® [oral] / Advagraf® [oral] (Day 7)
C0 = 1.27 (0.53–3.53) / 0.57 (0.1–1.23) mg/L
a1 = 10.26 (3.08–15.74) / 4.88 (1.59–9.89)
b1 = 17 (7.17–24.64) / 6.33 (1.36–12.48) h-1
a2 = 11.83 (7.95–14.28) / 15.57 (2.98–31.52)
b2 = 9.25 (2.56–20.77) / 2.36 (0.37–5.18) h-1
r = 0.58 (0.01–1.00) / 0.71 (0.39–1)
FAIV = 3.12 (1.27-9.96) / 1.93 (1.00 – 5.65) ug/L
α = 0.39 (0.10–0.68) / 0.26 (0.07–1.40) h-1
V/F = 321 (100-787) / 515 (177-1000) L
CL/F = 40.1 (20.1-75.9) / 48.5 (19.2-91.7) L/h

56.7

1-CMT
Double gamma distribution
and first-order elimination

BOV (%)

RUV
Prop RRE =
33.3%

36.3
89.4

ITSIM - Prograf® [oral] / Advagraf® [oral] Week 6
C0 = 1.66 (0.83–8.52) / 0.73 (0.29–2.32) mg/L
a1 = 12.64 (6.03–18.33) / 6 (1.00–12.05)
b1 = 17.93 (12.18–23.19) / 6.82 (1.52–14.48) h-1
a2 = 10.25 (5.04–15.23) / 10.82 (3.9–35.32)
b2 = 7.24 (1.89–10.07) / 1.78 (0.28–4.63) h-1
r = 0.74 (0.06–1.00) / 0.66 (0.01–1)
FAIV = 4.98 (0.97-9.53) / 2.43 (1.11– 6) ug/L
α = 0.44 (0.25–0.77) / 0.25 (0.13–0.43) h-1
V/F = 214 (105-1030) / 412 (167-901) L
CL/F = 34.1 (9.0-78.7) / 35.1 (15.8-80.1) L/h
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Reference

Software

Model
evaluation

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

BOV (%)

RUV

Pmetrics - Prograf® [oral] / Advagraf® [oral] Day 7
C0 = 1.3 (0.62–3.46) / 0.57 (0.06–1.21) mg/L
a1 = 11.9 (0.09–16.92) / 7.26 (0.06–11.94)
b1 = 12.25 (0.88–24.88) / 13.8 (0.23–14.93) h-1
a2 = 13.1 (5.05–14.95) / 9.52 (0.27–34.83)
b2 = 12.81 (3.09–20.91) / 5.19 (0.09–5.97) h-1
r = 0.55 (0.07–1) / 0.58 (0.02–0.91)
FAIV = 3.6 (2.25–9.95) / 1.7 (0.35–2.99) µg/L
α = 0.44 (0.21–1) / 0.20 (0.08–0.83) h-1
V/F = 278 (101-444) / 589 (335-2857) L
CL/F = 39.3 (20.1-75.6) / 48.7 (18.9-91.3) L/h
Pmetrics - Prograf® [oral] / Advagraf® [oral] W6
C0 = 1.6 (0.75–8.65) / 0.73(0.29–2.39) mg/L
a1 = 10.68 (1.89–18.91) / 7.00 (0.56–12.94)
b1 = 13.38 (1.38–24.88) / 9.49 (0.57–14.93) h-1
a2 = 8.17 (1.73–14.93) / 10.80 (1.18–35.83)
b2 = 5.9 (0.35–9.95) h-1 / 1.83 (0.04–4.98) h-1
r = 0.56 (0.06–1) / 0.53 (0.01–0.87)
FAIV = 6.3 (1.75–9.95) / 3.18 (0.99–5.97) µg/L
α = 0.55 (0.26–1) / 0.27 (0.10–0.76) h-1
V/F = 159 (100-571) / 314 (167-1010) L
CL/F = 35.1 (9-73) / 35.3 (15.7-81.5) L/h
Values expressed as median (min-max);
C0 is the model estimated trough level for a theoretical dose of 1000 mg;
a1, b1, a2, b2 are the shape and scale of the two gamma functions;
r is the fraction of dose absorbed following the first gamma distribution;
FAIV is the absolute bioavailability factor with respect to the intravenous
route multiplied by the maximum concentration which would have been
reached after a theoretical bolus IV of the reference dose); α is the
elimination parameter.

121

Chapter 3

Reference

Software

Lu et al. [82]

NONMEM®

Shao et al. [83]

Saint-Marcoux et
al. [27]

NONMEM®

ITSIM

Model
evaluation
Bootstrap, VPC,
goodness-of-fit

Bootstrap, NPDE,
goodness-of-fit

Jackknife

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

2-CMT
First-order absorption, with
a lag time and first-order
elimination

Ka = 0.419 h-1
Lag time = 0.404 h
CL/F = 32.8 L/h (healthy volunteers)
CL/F = 32.8*0.562*[EXP(ALT*(-0.0237)/40)] L/h (liver transplant)
V1/F = 22.7 L
Q/F = 76.3 L/h
V2/F = 916 L (fixed)
Ka = 0.163 h-1
CL/F = 18.1*(1.29CYP345_D)*(1.32CYP345_R) L/h
CYP345_D = 1 if CYP345*1 carrier donor, otherwise CYP345_D = 0
CYP345_R = 1 if CYP345*1 carrier recipient, otherwise CYP345_R = 0
V1/F = 72.7 L
Q/F = 76.3 L/h (fixed)
V2/F = 412 L
Cystic fibrosis / Non-cystic fibrosis
MAT1 = 1.10 h / 0.92 h
MAT2 = 5.14 h / 5.47 h
A_IV = 4.03 h-1 / 9.36 h-1
λ = 0.64 h-1 / 0.80 h-1
r = 0.58 / 0.62
Cˆ0 = 0.91 mg/L / 1.81 mg/L
CL/F = 68.22 L/h / 36.49 L/h
V/F = 2011 L / 444 L
Values expressed as mean;
MAT1 is the mean absorption time associated with the first absorption
phase; MAT2 is the mean absorption time associated with the second
absorption phase;
A_IV is the intravenous disposition coefficient;
λ is the disposition rate constant;
r is the fraction of the dose absorbed by the faster phase;
Cˆ0 is the theoretical residual concentration.

0 (fixed)

2-CMT
First-order absorption and
elimination

1-CMT
Double gamma distribution
and first-order elimination

BOV (%)

RUV
Prop RRE =
39.8%

46.6
57.3
46.0
93.5
120
18.4

Prop RRE =
13.2%

0 (fixed)
147
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Reference

Software

Monchaud et al.
[26]

NONMEM®

Sikma et al. [29]

Sikma et al. [28]

NONMEM®

NONMEM®

Model
evaluation
Bootstrap, VPC,
goodness-of-fit

Goodness-of-fit

Goodness-of-fit

Model structure

Pharmacokinetic parameters and covariate relationships

BSV (%)

BOV (%)

RUV

2-CMT
Erlang with 4 transit
compartments and firstorder elimination

Ktr = 7.06*[0.47CF] h-1
F = 0.63CF
CL/F = 17.5*[1.4CYP3A5] L/h
V1/F = 136 L
Q/F = 41.1 L/h
V2/F = 529 L
CF = 0 in non-cystic fibrosis patients, otherwise CF = 1;
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise CYP3A5 = 1
Ka = 0.579 h-1 (fixed)

42.7

45.8

53.7
41.0
71.7
126

46.8
75.4

Prop RRE = 6.9%
Add RRE = 1.6
ng/mL

10 (fixed)

F = 1 (fixed)
CL/F = 20.9 L/h
V1/F = 220 L
Q/F = 72 L/h
V2/F = 469 L
Bmax (WBC), (pg/mL) = 2700
Kd (WBC), (pg/mL) = 0.142
Nplasma = 137

10 (fixed)
42.1
10 (fixed)
10 (fixed)
10 (fixed)
27
3 (fixed)
29

98.3
(fixed)
65

2-CMT
Mixed zero- and first-order
absorption

2-CMT
Mixed zero- and first-order
absorption

Bmax: Maximum binding capacity
WBC: Whole-blood concentration
Kd: Equilibrium dissociation constant
Nplasma: Non-specific binding constant
TPC: Total tacrolimus plasma concentrations
UPC: Unbound tacrolimus plasma concentrations
Ka = 0.579 h-1
F = 1 (fixed)
CL/F = 19.6 L/h
V1/F = 231 L
Q/F = 58.2 L/h
V2/F = 521 L

34.6

Prop RRE (WBC)
= 16.7%
Prop RRE (UPC)
= 36.3%
Prop RRE (TPC) =
31.6%
Correlation
(WBC, UPC) =
0.26
Correlation
(WBC, TPC) =
0.51
Correlation
(TPC, UPC) =
0.51

98.3
55
29.5
35.1

Prop RRE = 14%
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Reference

Software

Gong et al. [25]

Phoenix
NLME 8.0

Zhou et al. [24]

Lu et al. [84]

Jacobson et al.
[30]

NONMEM®

NONMEM®

NONMEM®

Model
evaluation
Bootstrap, VPC,
goodness-of-fit

Model structure

Pharmacokinetic parameters and covariate relationships

1-CMT
First-order absorption and
elimination

Bootstrap, VPC,
goodness-of-fit,
examined in a
separate cohort

1-CMT
First-order absorption and
elimination

Bootstrap, VPC,
goodness-of-fit

2-CMT
First order absorption with a
lag time and first-order
elimination

Ka = 4.48 h-1 (fixed)
CL/F = 14.23*[(POD/12)-0.12]*[1.477 (if concomitant wuzhi tablet),
otherwise=1] L/h
V/F = 846.91*[(WT/66)2.06] L
Ka = 3.8 h-1 (fixed)
CL/F = 13.7*[1.91CYP3A5]*[0.608AFDs]*[0.664WZ] L/h
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise CYP3A5 = 1;
AFDs = 1 if concomitant with fluconazole,
AFDs = 2 if concomitant with voriconazole,
otherwise AFDs = 0;
WZ = 1 if concomitant with wuzhi supplement, otherwise WZ = 0;
Concentrations were normalised to their corresponding equivalents of a
LC-MS method according to the reported bioassays formulae.
V/F = 791 L
F = (1 + [0.25 (if Asians) or -0.433 (if Blacks) or 1 (if White)]*
[1.51FORM]*[(ALB/39)1.04]*[(LAST/3.15)0.74]
FORM= 1 (immediate-release), FORM = 0 (prolonged-release)
Ka = 0.375 h-1 (immediate-release)
Ka = 0.499 h-1 (prolonged-release)
Lag time = 0.44 h
CL/F = 44.3*(1 + 0.59*RACE)*[(LAST/3.15)-0.318] L/h
RACE = 1 if Asians, otherwise RACE = 0
V1/F = 110*(1-0.446*SEX)*[(ALB/39)1.03]*[(LAST/3.15)1.73] L
SEX = 1 if Female, SEX = 0 if Male
Q/F = 131 L/h
V2/F = 3180*[(LAST/3.15)-0.945] L
F = 0.28
CL/F = 5.22*[0.797 (if total BILI 2 - 9.9 mg/dL) or 0.581 (if total BILI ≥10
mg/dL) or 1 (if total BILI <2 mg/dL)]*[0.587 (if SCR ≥2 mg/dL) or 1 (if SCR
<2 mg/dL)]*[0.814 (if grade III-IV GVHD) or 1 (if grade 0 - II GVHD)]*
[0.814 (if VOD present or previously diagnosed) or 1 (if VOD absent)] L/h

NS

Non-compartmental
approach

BSV (%)

BOV (%)

RUV
Prop RRE = 30%

38.89
85.95
Prop RRE =
23.3%
Add RRE = 0.84
ng/ml

36.9

30.5

35.5

59.9

Prop RRE =
21.1%
(immunoassay);
15.8% (HPLCMS/MS)

30.9
106
39.3
99
44.3
33

Prop RRE =
27.5%
(tacrolimus
concentration =
10 µg/L);
16.8%
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(tacrolimus
concentration =
20 µg/L)
Add RRE additive residual random error; ALB albumin; ALP alkaline phosphatase; ALT alanine transaminase; AST aspartate transaminase; BILI bilirubin; BMI body mass index; BOV between-occasion variability; BSA
body surface area; BSV between-subject variability; BUN blood urea nitrogen; CCB calcium channel blocker; CMIA chemiluminescent microparticle immunoassay; CMT compartment; CL clearance; CL/F apparent
oral clearance; CLp/F apparent oral clearance from plasma; CrCL creatinine clearance; CYP cytochrome P450; DD tacrolimus daily dose; DOT days of tacrolimus therapy; eGFR estimated glomerular filtration rate;
EMIT enzyme-multiplied immunoassay technique; EPOD early post-operative day; EXP exponential; F bioavailability; FFM fat-free mass; FV coagulation factor V; GVHD graft-versus-host disease; HB Haemoglobin;
HCT haematocrit; HT height; HW graft hepatic weight; INR international normalised ratio; ITSIM interactive 2 stage Bayesian modelling; K12 transfer rate constant from the central compartment to the peripheral
compartment; K21 transfer rate constant from the peripheral compartment to the central compartment; Ka absorption rate constant; Ke elimination rate constant; Ktr transfer rate constant; LAST log transformed
aspartate transaminase; LBW lean body weight; LC-MS/MS liquid chromatography–tandem mass spectrometry; LPOD late post-operative day; NONMEM Non-linear Mixed Effects Modelling; NPDE Normalised
Prediction Distribution Errors; NPEM2 Nonparametric expectation maximisation; NS not stated; POD post-operative days; PREDDOSE prednisone or prednisolone dose; Prop RRE proportional residual random error;
Q intercompartmental clearance; Q/F apparent oral intercompartmental clearance; Qp/F apparent oral intercompartmental clearance in plasma; RUV random unexplained variability; SD standard deviation; SCR
serum creatinine; TP total plasma protein; V volume of distribution; V1 central volume of distribution; V2 peripheral volume of distribution; V/F apparent oral volume of distribution; V1/F apparent oral central volume
of distribution; V2/F apparent oral peripheral volume of distribution; Vp/F apparent oral volume of distribution in plasma; V1p/F apparent oral central volume of distribution in plasma; V2p/F apparent oral peripheral
volume of distribution in plasma; Vss/F steady-state distribution volume; VOD veno-occlusive disease; VPC visual predictive check; WT weight; W/S whole/split cadaveric liver.
a
Not clear how modelled.
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Based on tacrolimus model pharmacokinetic parameter estimates (Table 10, Appendix
4), on average, higher apparent whole blood clearance was observed among kidney
(0.36 L/kg/h, range: 0.24−0.55) and lung (0.34 L/kg/h) transplant recipients in
comparison to liver (0.20 L/kg/h, range: 0.10−0.27) and heart (0.21 L/kg/h) transplant
recipients. Recipient CYP3A5 expressers (*1/*1 and *1/*3 genotypes) displayed
approximately 1.5- to 2-fold higher apparent clearance in comparison to non-expressers
(*3/*3 genotype), irrespective of transplant type.

In terms of covariate analysis, the median (range) number of covariates investigated per
study was 13 (0−29). The most common covariates investigated were body weight
(total/lean/ideal) (84%), age (81%), sex (78%), days post-transplant (67%) and
haematocrit (65%). Of all the studies that incorporated recipient CYP3A5 genotype
assessments (43%) during model building, 97% were successfully included in the final
model. Some studies (17%) explained the effect of drug-drug interactions on tacrolimus
pharmacokinetics [24, 25, 32, 34, 37, 41, 49, 51, 55, 69, 73]. Of the two studies [23, 84]
that investigated the type of organ transplant during model building, only one [23]
found significant differences in tacrolimus clearance between a liver and non-liver
transplant population. Three studies did not clearly report tacrolimus pharmacokinetic
parameter-covariate relationships [45, 55, 77].
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Table 10. Estimates of apparent clearance and volume of distribution of tacrolimus from
published population pharmacokinetic models amongst different graft types.
Transplant
population
Kidney

Time posttransplant
Various

Number
of
subjects
78
390
356

Liver

First 3
months

80
94

Lung

≥ 1 month

223
11
11
12
66

Heart

First 3
months

56
51

Hematopoietic
stem cell

First 4
months

146
122

Pharmacokinetic parameters,
mean or median (range)
CL/F (L/kg/h)
V/F (L/kg)
CYP3A5 expresser:
11.68
0.61 (0.35−0.81)
(6.34−18.23)
CYP3A5 non-expresser:
0.36 (0.24−0.55)
0.34 (0.24−0.45)*
CYP3A5 expresser:
0.29 (0.16−0.36)
CYP3A5 non-expresser:
0.20 (0.10−0.27)
0.29 (0.26−0.34)*
Non-cystic fibrosis:
0.63
Cystic fibrosis:
1.18
CYP3A5 expresser:
0.48
CYP3A5 non-expresser:
0.34
CYP3A5 expresser:
0.40
CYP3A5 non-expresser:
0.21
0.22*
0.08*

8.81
(4.04−15.63)

References

[11, 35, 38,
42, 46, 51]

[8, 31-33, 47,
48, 53, 60]
[71, 80, 83]

[69, 70, 79]
[27]
7.65
34.7
13.04

12.50
(12.17−12.83)

Not
estimated

[26]

[24]

[25]
[30]

CL/F apparent whole blood clearance; V/F apparent volume of distribution, or the sum of the apparent
volume of the central compartment and the peripheral compartment in the two-compartment models;
CYP3A5 expresser (recipient) CYP3A5*1/*1, CYP3A5*1/*3; CYP3A5 non-expresser (recipient)
CYP3A5*3/*3.
*Recipient CYP3A5 genotype status is unknown.

Studies related variability in tacrolimus whole blood clearance amongst transplant
recipients to either CYP3A5 genotype (41%), days post-transplant (30%) or haematocrit
(29%). Models developed from liver transplant recipients tend to have days posttransplant (52%) as the most significant covariate affecting tacrolimus whole blood
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clearance. CYP3A5 genotype (55%) and haematocrit (39%) were covariates commonly
included in models developed from kidney transplant recipients. In liver transplant, the
effects of CYP3A5 genotype of the donor and graft recipient on tacrolimus disposition
should be considered separately. Only four studies [71, 78, 80, 83] accommodated both
these effects on tacrolimus clearance. Clearance increased with days post-transplant in
71% of the studies. By contrast, clearance decreased with the increase in haematocrit
concentration in 90% of the studies. Five studies [12, 43, 49, 61, 77] had all three
covariates: recipient CYP3A5 genotype, days post-transplant and haematocrit affecting
tacrolimus clearance, while three studies [50, 74, 75] had both days post-transplant and
haematocrit. Studies related variability in the central volume of distribution to body
weight (20%). Approximately half of the studies (52%) did not have any covariates
affecting the central volume of distribution.

BSV of clearance and central volume of distribution of the models was described in 56
(81%) and 50 (72%) studies, respectively. The median (range) BSV of clearance reported
was 37% (15−185) and central volume of distribution was 57% (0−163). Three studies
showed the occurrence of a relatively large (>45%) BSV of tacrolimus clearance and
central volume of distribution immediately post-transplant, with a decrease in these
variations over time [65, 74, 75]. Ten studies (14%) reported the BOV of clearance and
the median (range) was 30% (10−47). Of these, two studies reported BOV greater than
BSV [38, 58].

RUV of the population pharmacokinetic models was described using proportional error
in 35% of the studies, combined proportional and additive error in 29% of the studies
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and additive error in 20% of the studies. The median (range) proportional error across
the studies was 21% (1−43), while the additive error was 1.6 µg/L (0.4−15.2).

3.6

Discussion

Numerous population pharmacokinetic models for tacrolimus have been developed
across five transplant populations. The properties of the models and covariates
identified vary, reflecting the diverse characteristics of transplant populations used for
model building and the variability in tacrolimus pharmacokinetics. Across the models
identified, variability in tacrolimus central volume of distribution was largely explained
by body weight – heavier subjects have a larger body surface area for tacrolimus
distribution. Variability in clearance was mostly related to either recipient CYP3A5
genotype, days post-transplant or haematocrit. The mechanism by which these factors
contribute to variability in tacrolimus clearance is briefly described.

Pharmacogenomics information, particularly CYP3A5 genotype, is important to guide
initial dose selection for tacrolimus in the absence of concentration data [45]. Recipient
CYP3A5 expressers (*1/*1 and *1/*3 genotypes) require an approximately 1.5- to 2-fold
higher starting dose (due to 1.5- to 2-fold higher clearance) than CYP3A5 non-expressers
(*3/*3 genotype) to attain similar target drug exposure [45]. Some studies suggest that
CYP3A*22 [58, 59, 63], ATP binding cassette subfamily B member 1 (ABCB1) [79] and
P450 oxidoreductase *28 (POR*28) [54] may also influence tacrolimus initial dose
requirements. The recent TDM of Tacrolimus Second Consensus Report recommended
integrating both CYP3A5*3 and CYP3A4*22 genotype information in any future
tacrolimus population pharmacokinetic model development to optimise initial dosing
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[15]. Current evidence is insufficient to support pharmacogenomic-guided tacrolimus
therapy beyond the initial dose. No prospective studies have been conducted to
determine if guiding initial tacrolimus doses by a pharmacogenetic-based rather than a
weight-based approach is associated with improved treatment outcomes posttransplantation [15]. While it is likely that pharmacogenomic information, if available
before commencing tacrolimus therapy, might enable achievement of target tacrolimus
exposure faster after the initial dose, it remains unclear if tacrolimus concentrations
collected early in the course of therapy (i.e., within the first 24 hours of dosing) are a
suitable alternative to guide initial dosing. Given the cost of pharmacogenomic analysis,
studies determining the influence of pharmacogenomic information on initial dosing
decisions, and the transplant recipients who would likely benefit, are required.

Days post-transplant was identified as a factor affecting tacrolimus clearance in many of
the studies. While some studies report that tacrolimus clearance increases with days
post-transplant and then reaches a plateau [12, 23, 32, 52, 61, 66-68, 74-77, 79, 80]
other studies report a decrease in tacrolimus clearance [41, 43, 49, 50]. These
discrepancies could be due to the direct or indirect effect of the type of organ transplant
on tacrolimus clearance given that days post-transplant was identified as the most
common covariate affecting tacrolimus clearance in models developed from liver
transplant recipients (direct effect), while haematocrit was commonly included in
models developed from kidney transplant recipients (indirect effect). All models
developed from liver transplant recipients reported an increase in tacrolimus clearance
with days post-transplant [66-68, 74-77, 79, 80]. This change is likely related to the
improvement in metabolic function with the regeneration of the grafted liver [32, 85,
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86]. On the other hand, some models developed from kidney transplant recipients
demonstrated a decrease in tacrolimus clearance [41, 43, 49, 50] with days posttransplant while some models demonstrated the contrary [12, 32, 52, 61]. These
variations could be attributed to the changes in tacrolimus binding resulting from
variations in haematocrit which indirectly affects tacrolimus metabolism. There is an
inverse correlation between haematocrit and tacrolimus clearance. If the haematocrit
concentration is low, a reduced fraction of tacrolimus is bound to erythrocytes, enabling
the drug to be readily metabolised by the liver [33, 44]. Hence, higher tacrolimus
clearance will be observed and vice-versa. Although days post-transplant is an important
surrogate marker of variation in tacrolimus clearance, whether incorporation of this
covariate improves the accuracy of model predicted tacrolimus concentrations remains
unclear.

While some studies identified haematocrit as an important determinant affecting
tacrolimus clearance, other studies could not establish this relationship. This may, in
part, be because the effect of haematocrit may have been confounded by days posttransplant [44, 69]. Future studies in a large population are necessary to determine if
haematocrit and days post-transplant simultaneously affect tacrolimus clearance [44] or
whether it is sufficient to have either one time-dependent covariate as a predictor of
tacrolimus pharmacokinetic variability.

Despite model heterogeneity, several areas requiring further research to facilitate the
use of tacrolimus population pharmacokinetic models to guide dosing have been
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identified. These areas are not limited to strategies to better utilise existing models but
also additional consideration for the development of new models.

In total, 69 population pharmacokinetic models have been developed in adult transplant
recipients. Given the range of models available, could existing information be utilised to
develop a more comprehensive understanding of tacrolimus pharmacokinetics in
different transplant populations without the need to collect new data? Development of
a hybrid population pharmacokinetic model using the model averaging approach by
combining information from appropriate or relevant existing models in a biologically
plausible manner [87] could serve as an alternative approach to model building. Nanga
et al. [23] recently developed a meta-model to facilitate optimal tacrolimus dosing in
different indications and patient populations. Unfortunately, the predictive
performance of the meta-model was inconsistent across the dataset. Therefore, further
optimisation of this meta-model is required prior to implementation into clinical
practice. Regardless, consideration of alternative approaches to model development is
important especially given the resource requirements and ethical considerations
associated with the development of models from new datasets, including patient
recruitment and blood sample collections.

Although many population pharmacokinetic models of tacrolimus in adult transplant
recipients have been published, limited external evaluation [88-91] of the models has
been performed. This has hampered the implementation of Bayesian-guided tacrolimus
dosing into routine clinical practice. Evaluation of models using a dataset not included
in the model building process enables determination of generalisability of the model(s),
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an important consideration when selecting a model to be used in clinical practice.
Brooks et al [22] recently conducted a review, summarising the predictive performances
of studies that have performed Maximum A Posteriori Bayesian estimation to predict
tacrolimus exposure. Although bias was within the clinically acceptable range across all
the studies, there was some level of imprecision for some studies. Therefore,
assessment of the predictive performance of the models currently available is required
to help transplant centres select the most appropriate model(s) to accurately inform
tacrolimus dosing decisions for their transplant recipient populations. In terms of clinical
application, the ImmunoSuppressant Bayesian dose Adjustment (ISBA) web portal
(https://pharmaco.chu-limoges.fr/) and a commercially available Bayesian forecasting
software, DoseMeRx® have been used to guide dose individualisation for several drugs,
including tacrolimus in Europe and America. Furthermore, the implementation of a
population pharmacokinetic model [45] in routine clinical practice to inform tacrolimus
dosing decisions has been assessed by Storset et al [92], indicating a significant
improvement in the achievement of target concentration in kidney transplant recipients
in comparison to standard trough concentration-guided dosing [92]. To date, population
pharmacokinetic models of tacrolimus have predominately been developed in kidney
and liver transplant recipients. Few models have been developed in heart, lung, and
hematopoietic stem cell transplant recipients. Determining the generalisability of
existing models would reveal if organ transplant specific models are needed. The mean
apparent clearance of tacrolimus reported in kidney and lung transplant recipient
populations, as well as in liver and heart transplant recipient populations is similar (Table
10). This suggests that models may be interchangeable between specific transplant
recipient populations. However, one [23] of the two population pharmacokinetic models
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[23, 84] that considered type of organ transplant, identified distinct differences in
tacrolimus clearance between a liver and non-liver transplant recipient population. This
highlights that further evaluation of the generalisability of existing population
pharmacokinetic models of tacrolimus is required to inform the need for additional data
collection in less well-studied transplant recipient populations.

Most studies modelled the pharmacokinetics of the oral immediate-release formulation
of tacrolimus (Prograf®). Although the immediate- and prolonged-release formulations
of tacrolimus are not bioequivalent [74], only two studies have simultaneously described
the pharmacokinetics for both formulations [38, 84]. Given that other formulations,
such as intravenous, are available, a model that can estimate exposure for more than
one formulation may be more suitable for clinical practice. Additionally, switching
between different brands of tacrolimus even of the same formulation results in
significant changes in tacrolimus exposure [62]. Further, the incidence of graft rejection
during the first year post-kidney transplant is increased when patients transitioned from
branded to generic tacrolimus (10.2% vs. 23.1%; p=0.024) [93], reflecting a 20%
decrease in tacrolimus exposure. Hence, studies investigating the pharmacokinetics of
different formulations and brands of tacrolimus, including generic brands, are required
to establish models which can provide reliable dosing advice.

Although co-medication is an important clinical determinant affecting the
pharmacokinetics of tacrolimus, most population pharmacokinetic models did not
investigate the influence of CYP3A inhibitors or inducers. Azole antifungals, commonly
prescribed in thoracic transplant recipients as a prophylaxis or treatment for invasive
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fungal infection, demonstrate clinically significant interaction with tacrolimus [94, 95].
Azole antifungals inhibit CYP3A4 metabolism of tacrolimus in the intestine and liver [94,
95], resulting in increased tacrolimus bioavailability [96] and reduced apparent
clearance [97]. Two models [24, 69] which accommodated for the effect of azole
antifungal therapy (fluconazole [24, 69], voriconazole [24]), reported a reduction in
tacrolimus clearance between 20% and 80%. This observation has significant clinical
implication for dosing tacrolimus. While proton pump inhibitors have been thought
previously to influence tacrolimus pharmacokinetics, recent work has shown
concomitant administration of proton pump inhibitors with tacrolimus did not influence
tacrolimus pharmacokinetics [98, 99]. This finding is consistent with concomitant proton
pump inhibitor use not being identified as a covariate in any model. In contrast, two
models included calcium channel blockers (diltiazem) as a covariate [41, 69]. While
calcium channel blockers are known to inhibit CYP3A metabolism of tacrolimus and may
increase tacrolimus exposure [100], this interaction is considered unlikely to be of
clinical importance [101]. Therefore, incorporating data that adequately describes
common and clinically significant drug-drug interactions during model building may
improve the clinical utility of Bayesian dose recommendations in transplant recipients
co-prescribed with metabolic inhibitors or inducers.

Several studies have identified other factors affecting tacrolimus pharmacokinetics,
including circadian variation and the administration of food. All population
pharmacokinetic models for tacrolimus developed so far were based on daytime-only
sampling, thus, did not account for circadian variation. It should be noted that no
significant difference between trough concentrations collected prior to administration
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of morning or evening doses of oral tacrolimus was reported [102]. Further, continuous
intravenous infusion of tacrolimus is able to maintain adequate therapeutic blood
concentrations over 24 hours [103]. By contrast, the presence of food decreases
tacrolimus bioavailability by 27% [104] and if patients choose to take tacrolimus with
food, they are counselled to always take it with food to avoid fluctuation in tacrolimus
concentrations [100]. However, a study in 27 kidney transplant recipients concluded
that conversion to non-fasting ingestion of tacrolimus, without dosage adjustments, did
not significantly change tacrolimus trough concentrations in stable patients [105].
Therefore, neither circadian variation nor food was investigated or identified as
covariates during model development perhaps reflecting that they do not impact
tacrolimus dosing decisions.

3.7

Limitations

As the literature search in this study was restricted to English language, studies
published in other languages may have been missed. Further, model comparison was
hindered as some details (e.g., tacrolimus brand, model evaluation approach,
parameter-covariate relationship) were missing from some publications. Authors were
contacted for further clarification to overcome this limitation. While this review
attempts to identify areas requiring additional research to facilitate the use of
population pharmacokinetic models in Bayesian forecasting software to inform
tacrolimus dosing decision tools, it does not provide an insight into the quality of models
developed.
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3.8

Conclusions

Numerous population pharmacokinetic models for tacrolimus use in adult transplant
recipients have been published. Comprehensive and systematic external evaluation of
relevant models is required to assess the generalisability of these models and
subsequently, facilitate the implementation of accurate and reliable Bayesian-guided
tacrolimus dosing decisions across different transplant recipient populations. The effect
of clinically significant drug-drug interactions and, different formulations and brands of
tacrolimus should be considered for any future tacrolimus population pharmacokinetic
model development. Further work is required to identify key factors that influence both
initial and maintenance doses of tacrolimus, particularly in heart and lung transplant
recipients.

3.9

Study highlights

•

Sixty-nine population pharmacokinetic models of tacrolimus in adult transplant
recipients have been published.

•

Recipient cytochrome P450 3A5 genotype, days post-transplant, haematocrit and
body weight were identified as significant clinical determinants influencing
tacrolimus pharmacokinetics.

•

Strategies to better utilise existing models and additional consideration for the
development of new models, including external evaluation, model averaging
(combining information from published models in a biologically plausible
manner), drug-drug interactions and different formulations and brands of
tacrolimus, to facilitate Bayesian-guided tacrolimus dosing decisions have been
identified.
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Appendices

Appendix 4. Estimates of absorption rate constant (Ka) of tacrolimus from published
population pharmacokinetic models amongst different graft types.
Transplant

Number of

Ka (h-1),

population

subjects

Median (range)*

1553

1.04 (0.14 – 4.21)

Kidney

References

[11, 13, 31, 34, 40,
43, 45, 48, 49, 51,
53, 58, 63]

Liver

393

1.32 (0.16 – 4.48)

[9, 70, 72, 79, 82,
83]

Kidney and liver

281

3.37

[23]

Kidney, liver, and

408

0.38

[84]

Heart and Lung

30

0.58

[28, 29]

Heart

107

3.80

[24]

heart

*Values obtained from model developed from intensive sampling dataset and are based
on the oral immediate-release formulation of tacrolimus (Prograf®).
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Chapter 4:
Evaluation of published population
pharmacokinetic models to inform
tacrolimus dosing in adult heart
transplant recipients.
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4.1

Link to thesis

In Chapter 3, I presented a systematic review summarising published population
pharmacokinetic models of tacrolimus developed from adult transplant recipients. The
review aimed to inform the selection of models for subsequent evaluation of their
predictive performance in heart transplant recipients. The goal is that the best
performing model will be integrated within a Bayesian dosing software to facilitate dose
individualisation in heart transplant recipients at St. Vincent’s Hospital Sydney. In
Chapter 4, I evaluated the predictive performance of specific tacrolimus models
developed from various organ transplant recipient populations identified in Chapter 3
in adult heart transplant recipients. The evaluation was stratified based on concomitant
azole antifungal use because concomitant azole antifungal therapy alters tacrolimus
pharmacokinetics substantially necessitating dose adjustments. To the best of my
knowledge, this is the first comprehensive evaluation of existing models to determine
their suitability in guiding tacrolimus dosing decisions in adult heart transplant
recipients.

This work has been published:
Kirubakaran R, Hennig S, Maslen B, Day RO, Carland JE, Stocker SL. Evaluation of
published population pharmacokinetic models to inform tacrolimus dosing in adult
heart transplant recipients. British Journal of Clinical Pharmacology. 2021.
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I have presented this work at three international conferences and one national
symposium:
1.

Kirubakaran R, Hennig S, Carland JE, Day RO, Stocker SL. External evaluation of
population pharmacokinetic models of tacrolimus in adult heart transplant
recipients. Poster Presentation, Pharmacometrics Japan Conference, Tokyo, Japan,
22−23 January 2020.

2.

Kirubakaran R, Hennig S, Carland JE, Day RO, Stocker SL. External evaluation of
population pharmacokinetic models of tacrolimus in adult heart transplant
recipients.

Oral

Presentation,

ASCEPT−PAGANZ

Joint-Scientific

Meeting,

Queenstown, New Zealand, 25−29 November 2019.
3.

Kirubakaran R, Hennig S, Carland JE, Day RO, Stocker SL. External evaluation of
population pharmacokinetic models of tacrolimus in adult heart transplant
recipients. Poster Presentation, ASCEPT−PAGANZ Joint-Scientific Meeting,
Queenstown, New Zealand, 25−29 November 2019.

4.

Kirubakaran R, Hennig S, Carland JE, Day RO, Stocker SL. External evaluation of
population pharmacokinetic models of tacrolimus in adult heart transplant
recipients. Oral Presentation, American Association of Pharmaceutical Scientists
(AAPS) Symposium, Sydney, Australia, 22 November 2019.

4.2

Abstract

Background and Aim Identification of the most appropriate population pharmacokinetic
model-based Bayesian estimation is required prior to its implementation in routine
clinical practice to inform tacrolimus dosing decisions in transplant recipients. This study
aimed

to

determine

the

predictive

performances

of

relevant

population
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pharmacokinetic models of tacrolimus developed from various solid organ transplant
recipient populations in adult heart transplant recipients, stratified based on
concomitant azole antifungal use. Concomitant azole antifungal therapy alters
tacrolimus pharmacokinetics substantially necessitating dose adjustments.
Methods Population pharmacokinetic models of tacrolimus were selected (n=17) for
evaluation from a recent systematic review. The models were transcribed and
implemented in NONMEM version 7.4.3. Data from 85 heart transplant recipients (2387
tacrolimus concentrations) administered the oral immediate-release formulation of
tacrolimus (Prograf®) were obtained up to 391 days post-transplant. The performance
of each model was evaluated using (1) prediction-based assessment (bias and
imprecision) of the individual predicted tacrolimus concentration of the fourth dosing
occasion (MAXEVAL=0, FOCE-I) from 1−3 prior dosing occasions and (2) simulationbased assessment (prediction-corrected visual predictive check, pcVPC). Both
assessments were stratified based on concomitant azole antifungal use.
Results Regardless of the number of prior dosing occasions (1−3) and concomitant azole
antifungal use, all models demonstrated unacceptable individual predicted tacrolimus
concentration of the fourth dosing occasion (n=152). The pcVPC graphics indicated these
models inadequately predicted observed tacrolimus concentrations.
Conclusions All models evaluated were unable to adequately describe tacrolimus
pharmacokinetics in adult heart transplant recipients included in this study. Further
work is required to describe tacrolimus pharmacokinetics for our heart transplant
recipient cohort.
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4.3

Introduction

Tacrolimus is the cornerstone immunosuppressant used to prevent graft rejection in
most solid-organ transplant recipients [1], including heart transplants. However,
tacrolimus dosing strategies are complicated by the narrow therapeutic range [2] and
considerable inter- and intra-patient pharmacokinetic variability [3-9]. Two key
challenges when dosing tacrolimus are (i) choosing the right starting dose and (ii) making
appropriate dose adjustments to compensate for the variation in tacrolimus
pharmacokinetics in an individual over time. Individualising lifelong tacrolimus therapy
to avoid allograft rejection and minimise adverse effects is essential for heart transplant
recipients.

Monitoring whole blood trough concentrations is recommended to individualise
tacrolimus therapy [10]. However, the collection of blood samples at a specific time is
often challenging, particularly in a busy clinical environment but also in the outpatient
setting. In hospitalised adult heart [11] and liver [12] transplant recipients, only 46% and
5%, respectively, of blood samples collected were at trough concentration-time point.
Incorrect timing of these samples can result in erroneous interpretation of tacrolimus
concentrations and consequently, inappropriate dose recommendations.

Given the challenges in successfully implementing trough concentration-guided dosing,
population pharmacokinetic model-based Bayesian estimation presents an alternative
solution for individualised tacrolimus dosing advice in transplant recipients. The
Bayesian approach uses patient-specific information (e.g., sex, height, and weight), at
least one drug concentration and a population pharmacokinetic model to estimate
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individual patient pharmacokinetic parameters [13-15]. From this, an optimal drug dose
predicted to achieve target drug concentrations can be identified. While the Bayesian
approach provides flexible blood sampling schemes [16], its utilisation can also reduce
the number of blood samples needed to achieve target drug concentrations [17]. The
accuracy of predicted drug concentrations, that are used to inform the recommended
dosing regimen, is dependent on the suitability of the underlying population
pharmacokinetic model and the accuracy of patient data inputted into the model [18].

At least 70 population pharmacokinetic models of tacrolimus in adult transplant
recipients have been published to characterise tacrolimus pharmacokinetics [19-21].
However, very few models reflect current clinical practice as only three tacrolimus
models [20, 22, 23] accounted for concomitant azole antifungal use, despite the clinically
significant drug-drug interaction [24-30]. Azole antifungals are commonly prescribed in
thoracic transplant recipients as a prophylaxis, or for treatment, against invasive fungal
infection [11, 31]. Only two population pharmacokinetic models for tacrolimus [22, 32]
have been developed solely using data obtained from heart transplant recipients. One
of these incorporated pharmacokinetic changes with concomitant azole antifungal
therapy [22]. Given ethical considerations associated with developing a new model,
including patient recruitment and intensive blood sample collections, existing
tacrolimus models developed from various solid organ transplant recipient populations
should be evaluated, at least initially, to assess their suitability to predict tacrolimus
concentrations in heart transplant recipients.
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This study aimed to determine the performances of relevant population
pharmacokinetic models of tacrolimus developed from various solid organ transplant
recipient populations in predicting tacrolimus concentrations in adult heart transplant
recipients, with and without concomitant azole antifungal therapy. The overarching aim
was to inform model selection for use within a Bayesian dosing software to provide
individualised tacrolimus dosing recommendations for adult heart transplant recipients.

4.4

Methods

4.4.1 Selection of published population pharmacokinetic models for evaluation
Population pharmacokinetic models of tacrolimus developed from adult transplant
recipients were selected from a recent systematic review [19] for evaluation. Models
were included if the (1) parametric non-linear mixed effect approach was used for
pharmacokinetic modelling, (2) models were developed from intensive sampling data,
(3) oral immediate-release formulation of tacrolimus (Prograf®) was investigated, and
(4) at least liquid chromatography-mass spectrometry (LC-MS) was used to analyse
tacrolimus concentrations.

4.4.2 Subjects and data collection
Patients ≥18 years old who underwent heart transplant surgery between 1 January 2017
and 31 December 2018 at St. Vincent’s Hospital Sydney (SVHS) and were administered
the oral immediate-release formulation of tacrolimus, Prograf® (Astellas, Macquarie
Park, Australia) were included. This study was approved by the local governance and
SVHS Human Research Ethics Committee (LNR/18/SVH/178). A waiver of consent was
received due to the retrospective nature of this study.
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Data collected retrospectively from electronic and paper medical records included
transplant recipient demographics (age, sex, weight, and height), days post-transplant
(a value of 1 corresponds to the first day after transplantation), comorbidities (diabetes
mellitus and cystic fibrosis), concomitant medications (basiliximab, mycophenolate,
corticosteroids, and azole antifungals), tacrolimus dosing and monitoring history (dosing
regimen, dose administration times, tacrolimus concentrations and their times of
sample collection), days of tacrolimus therapy and laboratory investigations
(haematocrit, serum creatinine concentration, albumin, aspartate aminotransferase,
and alkaline phosphatase). Creatinine clearance was calculated using the CockcroftGault formula [33]. Data were collected for each heart transplant recipient, from
immediately post-transplantation up to one-year post-transplantation (i.e., included
both inpatient and outpatient data).

Covariates with time-dependent values (weight, haematocrit, serum creatinine
concentration, creatinine clearance, albumin, aspartate aminotransferase, and alkaline
phosphatase) were updated for each recorded tacrolimus concentration. These
covariates, if missing at any time point (5% of the data), were inputted as the last
observation carried forward for a maximum time of 1 month.

In the inpatient setting, the time of tacrolimus administration by transplant recipients
was obtained from the electronic medication management system. In the outpatient
setting, the time of tacrolimus administration was assumed to be 8.00 am and 8.00 pm.
Full compliance with tacrolimus dosing was presumed unless the missed dose was
recorded. Full compliance was considered reasonable as pharmacists counsel transplant
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recipients on the timing of tacrolimus administration and the importance of adherence
to immunosuppressive therapies. The time of the last administered tacrolimus dose
prior to the collection of a blood sample for the measurement of tacrolimus
concentration was obtained from the pathology request form. When details of
tacrolimus dose were not documented, the last recorded dose was carried forward for
a maximum time of 1 month. Under such circumstances, tacrolimus concentrations (5%
of the data) were excluded from analysis as there was uncertainty around tacrolimus
dosing information.

4.4.3 Institutional immunosuppressive and antibiotic protocol for heart transplant
recipients
The dosing and monitoring of tacrolimus and intravenous (IV) basiliximab in heart
transplant recipients have been described previously [11] (Appendix 5). Pre-operatively,
oral mycophenolate mofetil (1.5 g), IV cephazolin (2 g) and IV methylprednisolone (500
mg) were administered. Post-operatively, IV cephazolin 2 g (2 doses; 8 hours apart) and
IV methylprednisolone 125 mg (3 doses; 8 hours apart) were administered. This was
followed by maintenance oral prednisolone 1 mg/kg administered in 2 divided doses,
tapered by 5 mg every day to 0.20 mg/kg/day, with a complete cessation by month 3
post-transplant. The tapering of prednisolone doses also depended on the
endomyocardial biopsy results. The maintenance (oral/IV) mycophenolate mofetil 1 g
was administered every 12 hours.
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4.4.4 Bioanalytical method
Whole blood tacrolimus concentrations were measured by ultra-high performance
liquid chromatography-tandem mass spectroscopy (UHPLC-MS/MS) assay. The assay
range was between 2 and 50 µg/L, with an intra-assay coefficient of variation (CV) <8.5%
and inter-day CV <10%. Tacrolimus concentrations obtained from external pathology
services (5% of the data) were excluded from analysis because the bioanalytical
techniques used were unknown.

4.4.5 Race and genotyping
Race (White [Caucasian]/ Black/ Asian) and genotype information (Cytochrome P450
(CYP) 3A5*3 (rs776746), CYP3A4*22 (rs35599367) and ABCB1 (ATP Binding Cassette
Subfamily B Member 1; encodes P-glycoprotein; rs1045642; C3435T)) were collected
prospectively for model evaluation. Heart transplant recipients who were alive at the
time of the study were approached, and consent was obtained from those who agreed
to participate in this study. This prospective study was approved by the local governance
and SVHS Human Research Ethics Committee (2020/ETH00679).

Genomic DNA was extracted from buccal swabs using the Applied Biosystems DNA
Multi-sample Ultra Kit on the Kingfisher 96 instrument (Thermo Fisher Scientific,
Waltham MA, USA) and was stored at 4°C until analysis. Genotypes of CYP3A5*3,
CYP3A4*22 and ABCB1 were identified using specific Taqman Real Time PCR assays on a
Quantstudio 6 K instrument (Thermo Fisher Scientific).
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For transplant recipients for whom the genotype information was unavailable (39% of
the cohort), the most common polymorphism among Caucasians was assumed as the
majority self-identified as Caucasian. Specifically, CYP3A5 genotype was assigned to
CYP3A5*3/*3, CYP3A4 allele to CYP3A4*1, ABCC2 (ATP Binding Cassette Subfamily C
Member 2) haplotype to H1/H1 and ABCB1 C3435T genotype to CT. Transplant
recipients for whom race information was unavailable (40% of the cohort), were
assumed to be Caucasian.

4.4.6 Model evaluation
4.4.6.1 Model implementation
Models were transcribed and implemented in NONMEM® version 7.4.3 (ICON
Development Solutions, Ellicott City, MD, USA). The first-order conditional estimation
method with interaction (FOCE+I) was employed. Pharmacokinetic parameters and
covariate relationships for each tacrolimus model were fixed to the values reported. One
covariate (prednisolone dose) was excluded from model implementation [34, 35]
because this information was unavailable. Of note, the maintenance oral prednisolone
protocol used at SVHS differs from that used in previous studies [34, 35] where
prednisolone dose was included as a covariate in the model. Authors were contacted if
inadequate information was provided in the publication to enable model
implementation. Tacrolimus concentrations below the limit of quantification of the
assay (3%, 85/2472) were excluded from the analysis. The remaining tacrolimus
concentrations were used for model predictions (Method 1) [36].
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4.4.6.2 Simulated concentration-time profiles
Tacrolimus concentration-time profiles for each tacrolimus model were generated for
comparison, representing a typical heart transplant recipient administered a single dose
of 5 mg oral immediate-release formulation of tacrolimus on day 1 post-transplant. The
simulation was performed using RxODE package (version 0.9.1-7) in R software (version
3.6.1; R Foundation for Statistical Computing, http://www.R-project.org). The typical
heart transplant recipient was defined as a 40-year-old Caucasian male, body weight: 60
kg, height: 170 cm, non-diabetic, non-cystic fibrosis, haematocrit fraction: 0.30, serum
creatinine concentration: 110 µmol/L, albumin: 35 g/L, alkaline phosphatase: 50 U/L,
aspartate aminotransferase: 90 U/L, CYP3A5*3/*3 genotype, CYP3A4*1 allele, ABCC2
haplotype H1/H1 and ABCB1 C3435T CT genotype. Expected tacrolimus trough
concentrations (11.5 hours after the administered dose) and area under the
concentration-time curve, AUC0-12 were determined based on each model for the typical
heart transplant recipient.

4.4.6.3 Predictive performance metrics
Model performances were evaluated using prediction- and simulation-based
assessment.

a)

Prediction-based assessment

Models were tested on the dataset using the Bayesian approach (MAXEVAL=0). One to
three previous dosing occasions for which an observed tacrolimus concentration was
available were used to predict the individual predicted tacrolimus concentration of the
fourth dosing occasion. That is, the (1) third dosing occasion was used to predict
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tacrolimus concentration of the fourth dosing occasion, (2) second and third dosing
occasions were used to predict tacrolimus concentration of the fourth dosing occasion,
and (3) first, second and third dosing occasions were used to predict tacrolimus
concentration of the fourth dosing occasion. Of note, tacrolimus concentrations in the
fourth dosing occasion were blinded to the model (MDV = 1, EVID=2). Model predictions
were assessed with and without concomitant azole antifungal therapy. This is because
concomitant azole antifungals significantly reduce tacrolimus apparent clearance with a
required tacrolimus dose reduction of approximately 20%–80% [24, 25, 28, 37-43]. The
percentage of individual predicted tacrolimus concentrations of the fourth dosing
occasion that were predicted within ±20% of the observed concentrations, with and
without concomitant azole antifungal therapy were also determined.

The bias (median percentage predictive error, Equation 1) and imprecision (median
absolute percentage predictive error, Equation 2) were calculated by comparing
individual predicted tacrolimus concentrations of the fourth dosing occasion by the
models to the observed concentrations [44, 45] for each of the evaluation settings
described above.

Bias (%) = Median ∑

(𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑)

Imprecision (%) = Median ∑

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑
| 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑|
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑

× 100

(Equation 1)

× 100

(Equation 2)

A positive or negative bias represents an over- or under-prediction of tacrolimus
concentrations by the model, respectively. Clinically acceptable bias was defined as
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within ±20%. The ±20% cut off corresponds to the 80−125% bioequivalence criterion
[46] that suggests differences in systemic drug exposure up to 20% are not clinically
significant. The prediction was unbiased if the 95% confidence interval (CI) included
zero. Clinically acceptable imprecision was ≤20%. The 95% CI of the median was
calculated via non-parametric bootstrapping of 1,000 datasets using DescTools package
(version 0.99.30) in R software. Model performances were considered high when bias
and imprecision are close to zero. Results were graphically summarised and displayed
using R software.

b)

Simulation-based assessment

Prediction-corrected visual predictive checks (pcVPC) were performed using Perlspeaks-NONMEM® (PsN; version 5.0.0) for all models. Graphics, overlaying 5th, median
(50th), and 95th percentiles of the observed tacrolimus concentrations on top of the
model-simulated concentration-time profiles with 95% prediction intervals based on
1,000 simulations using each model, were generated. If the model adequately describes
the data, the 5th, 50th and 95th percentile of the simulated tacrolimus concentration-time
profiles should overlay with the 5th, 50th and 95th percentile of the observed tacrolimus
concentrations.

4.5

Results

4.5.1 Characteristics of the models evaluated
A total of 17 population pharmacokinetic models of tacrolimus were evaluated (Table
11). Models were predominately (n=9, 53%) developed from renal transplant recipients.
Three models were developed from heart transplant recipients in combination with liver
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and renal [47] or lung [48, 49] transplant recipients. The median (range) number of
transplant recipients used for model development was 102 (30−408), with 47% of the
studies including less than 100 recipients. The median (range) number of concentrations
per transplant recipient was 13 (4–57). Most studies (63%) collected transplant recipient
data during the first year following transplantation. This included five studies with data
collected ≤3 months post-transplantation. Of note, tacrolimus models that had azole
antifungal use as a covariate [20, 22, 23] or were developed solely using heart transplant
recipient data [22, 32] were not evaluated as their study design did not fulfil the model
selection criteria.

The pharmacokinetics of tacrolimus was described using 1- and 2-compartment models,
all with first-order elimination, in 18% and 82% of studies, respectively. Six models [35,
47-51] estimated oral bioavailability, with the population average value fixed to one in
these studies. More than half of the studies (59%) used first-order absorption with a lag
time to describe the delayed drug absorption phase. More complex models were also
used by a few studies (18%) [50, 52, 53], such as the Erlang model, with several transit
compartments.

The most common covariates identified to be influential on whole blood tacrolimus
clearance across the 17 models were CYP3A5 genotype (47% of studies) [6, 34, 35, 50,
52, 54-56], haematocrit (41% of studies) [34, 35, 51-53, 55, 56] and days post-transplant
(24% of studies) [34, 54, 57, 58]. Covariates explaining the variability around central
volume of distribution were haematocrit (24%) [35, 51, 56, 59] and total or lean body
weight (18%) [4, 55, 58]. Between subject variability (BSV) and between occasion
163

Chapter 4

variability (BOV) on pharmacokinetic parameters, and random unexplained variability
(RUV) estimates for each model are described in Table 11.

164

Chapter 4

Table 11. Summary of published population pharmacokinetic models of tacrolimus in adult transplant recipients retained for model evaluation
Reference
Type of
Number
Number of
PostSampling
Bioanalytical
Model
Pharmacokinetic parameters and covariate relationships
[Model
transplant
of
concentrations
transplant
schedules (h)
method
structure
number]
subjects
time
Andreu et
Renal
304
1891
Day 7-12
All patients:
EMIT, UPLC2-CMT
Ka = 0.138 h-1
al. [56]
months
Pre-dose;
MS
First-order
Lag time = 0.243 h
[M1]
7 patients:
absorption,
CL = 20.5*(1 - 0.205*AGE) L/h (CYP3A4*22 non-carriers with
0.25, 0.5, 1, 2,
with a lagthe CYP3A5*1 genotype)
3, 4, 6, 8, 12
time and
CL = 12.5*(1 - 0.205*AGE) L/h (CYP3A4*22 non-carriers with
first-order
the CYP3A5*3/*3 genotype or CYP3A4*22 carriers with the
elimination
CYP3A5*1/*1 genotype)
CL = 9.1*(1 - 0.205*AGE) L/h (CYP3A4*22 carriers with the
CYP3A5*3/*3 genotype)
AGE = 1 if patient’s age ≥63 years old, otherwise AGE = 0
V1 = 5.02 L
Q = 4.2 L/h
V2 = 526 L (fixed)
Tacrolimus whole blood concentrations standardised to a HCT
of 45%
Andrews et
Renal
337
4527
0-100 days
Pre-dose, 1,
EMIT, ACMIA,
2-CMT
Ka = 3.58 h-1
al. [55]
2, 3, 4, 5, 6
LC-MS/MS
First-order
Lag time = 0.38 h
[M2]
absorption
CL/F = 23*[1.0 (if CYP3A5*3/*3) or 1.631 (if CYP3A5*1/*3 or
with a lag
CYP3A5*1/*1)]*[1.0 (if CYP3A4*1 or unknown) or 0.8 (if
time and
CYP3A4*22)]*[(Age/56)0.43]*
first-order
[(ALB/42)0.43]*[(BSA/1.93)0.88]*[(SCR/135)-0.14]*
elimination
[(HCT/0.34)-0.76] L/h
V1/F = 692*[(LBW/58.94)1.52] L
Q/F = 11.6 L/h
V2/F = 5340 L
Benkali et
Renal
32
NS
1 week-6
Pre-dose,
TFC-MS/MS
2-CMT.
Ktr = 6.5 h-1
al. [53]
months
0.33, 0.66, 1,
Erlang
CL/F = (863/HCT) L/h
[M3]
1.5, 2, 3, 4, 6,
model with
V1/F = 147 L
9 at 5
3 transit
Q/F = 60 L/h
transplant
CMT and
V2/F = 500 L (fixed)
periods, 12 h
first-order
(Week 1 and
elimination
2)

BSV
(%)

BOV
(%)

RUV

Prop RRE = 25%
27.8

38.6

49.2
78.7
53
15
30
26
63

33.3

13.6

24
27
71

Prop RRE = 17.7%
(immunoassay);
24.5% (HPLCMS/MS)
Add RRE = 0.88
ug/L
(immunoassay)

Prop RRE = 10%
Add RRE = 1.5
ng/ml
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Reference
[Model
number]
Bergmann
et al.
[34][M4]

Chen et al.
[57] [M5]

Han et al.
[54] [M6]

Type of
transplant
Renal

Liver

Renal

Number
of
subjects
173

125

102

Number of
concentrations
1554

1704

1626

Posttransplant
time
4 days–6.5
years

3-89 days

2-21 days

Sampling
schedules (h)

Bioanalytical
method

Model
structure

Pharmacokinetic parameters and covariate relationships

BSV
(%)

20 patients:
Pre-dose,
0.25, 0.5,
0.75, 1, 1.25,
1.5, 2, 3, 4, 6,
9, 12;
153 patients:
Pre-dose, 1,
2, 4

HPLC-MS/MS

2-CMT
First-order
absorption,
with a lagtime and
first-order
elimination

Ka = 0.35 h-1
Lag time = 0.44 h
CL/F = 25.5*(1.6CYP3A5)*[(1 –1.01*(HCT - 0.33))]*
[(WT/70)0.75]*[(1 – 0.0021*(POD - 22.7))] L/h
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise
CYP3A5 = 1
POD is capped at 180 days
V1/F = 113*[(1 - 0.0028*(PredCmax,unbound - 155.5)) L
PredCmax,unbound is maximum concentration value for free
prednisolone (nmol/L)
Q/F = 67.9 L/h
V2/F = 1060 L
Correlations:
V1/F, Ka = 0.677
V1/F, V2/F = –0.049
Ka, V2/F = –0.013
Ka = 0.55 h-1
Lag time = 1.96 h
CL/F = 21.9*[EXP(0.01*POD)]*[EXP(0.26*CrCL/103.1)]*
[EXP(-0.15*ABCB1)] L/h
V1/F =284*[EXP(-0.13*ABCB1)] L
Q/F = 62.1 L/h
V2/F = 710 L
ABCB1 = 0 if patient is a 3435 CC,
ABCB1 = 1 if patient is a 3435 CT,
ABCB1 = 2 if patient is a 3435 TT
Ka = 3.43 h-1
Lag time = 0.25 h (fixed)
CL/F = 21.9*(1 + 0.0119*(POD - 9.6))*[0.816CYP3A5] L/h
CYP3A5 = 1 if patient is a CYP3A5 non-expresser, otherwise
CYP3A5 = 0
V/F = 205 L

47.6

All patients:
Pre-dose;
28 patients:
1, 1.5, 2, 2.5,
3, 4, 6, 8, 12

LC-MS/MS,
MEIA

All patients:
pre-dose;
55 patients:
0.5, 1, 2, 4, 6,
8, 12

LC-MS/MS

2-CMT
First-order
absorption
with a lag
time and
first-order
elimination

1-CMT
First-order
absorption,
with a lag
time and
first-order
elimination

BOV
(%)

RUV

Prop RRE = 18.3%

29.5

29.9

46.8

126.5

89.4

56.7

Prop RRE = 33.3%

36.3
89.4

158.9

Prop RRE = 5.4%

42.6

Add RRE = 1.94
ng/mL

64.6
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Reference
[Model
number]
Lu et al.
[47] [M7]

Type of
transplant
Renal,
liver, heart

Monchaud
et al. [50]
[M8]

Lung

Nanga et al.
[58] [M9]

Renal and
liver

Number
of
subjects
408

78

281

Number of
concentrations
23176

2113

NS

Posttransplant
time
NS

≤1 year

1–394 days

Sampling
schedules (h)

Bioanalytical
method

Model
structure

Pharmacokinetic parameters and covariate relationships

BSV
(%)

BOV
(%)

RUV

Pre-dose, 0.5,
1, 2, 3, 4, 6, 8,
12, 12.5, 13,
14, 15, 16, 18,
20, 24

HPLC-MS/MS,
MEIA

2-CMT
First order
absorption
with a lag
time and
first-order
elimination

F = (1 + [0.25 (if Asians) or -0.433 (if Blacks) or 1 (if
White)]*[1.51FORM]*[(ALB/39)1.04]*[(LAST/3.15)0.74]
FORM= 1 (immediate-release), FORM = 0 (prolonged-release)
Ka = 0.375 h-1 (immediate-release)
Ka = 0.499 h-1 (prolonged-release)
Lag time = 0.44 h
CL/F = 44.3*(1 + 0.59*RACE)*[(LAST/3.15)-0.318] L/h
RACE = 1 if Asians, otherwise RACE = 0
V1/F = 110*(1-0.446*SEX)*[(ALB/39)1.03]*
[(LAST/3.15)1.73] L
SEX = 1 if Female, SEX = 0 if Male
Q/F = 131 L/h
V2/F = 3180*[(LAST/3.15)-0.945] L
Ktr = 7.06*[0.47CF] h-1
F = 0.63CF
CL/F = 17.5*[1.4CYP3A5] L/h
V1/F = 136 L
Q/F = 41.1 L/h
V2/F = 529 L
CF = 0 in non-cystic fibrosis patients, otherwise CF = 1;
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise
CYP3A5 = 1
F = 0.53 (syrup formulation)
Ka = 3.37 h-1 (fixed)
Lag time = 0.32 h (fixed)
CL = 22.5*[(WT/50)0.61]*[0.38(1 - TRANS)]*(1 + TICL) L/h
TRANS = 0 if liver transplant, otherwise TRANS = 1
TICL = (POD8.88)/[POD8.88 + 6.128.88] if liver transplant, otherwise
TICL = 0
V1 = 246.2*[(WT/50)0.53] L
Q = 24.2 L/h
V2 = 109.9 L

30.5

59.9

Prop RRE = 21.1%
(immunoassay);
15.8% (HPLCMS/MS)

45.8

Prop RRE = 6.9%

46.8
75.4

Add RRE = 1.6
ng/mL

Pre-dose,
0.33, 0.66, 1,
1.5, 2, 3, 4, 6,
8, 10, 12

TFC-MS/MS

3 studies:
Pre-dose;
4 studies:
intensive
sampling

MEIA, CMIA,
LC-MS/MS

2-CMT
Erlang with
4 transit
CMT and
first-order
elimination

2-CMT
First-order
absorption
with a lag
time and
first-order,
timevarying
elimination

35.5

30.9
106

39.3
99
42.7
53.7
41.0
71.7
126

Prop RRE =
24.32%
59.4

Add RRE = 3.22
ng/mL

133.2
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Reference
[Model
number]
Ogasawara
et al. [6]
[M10]

Sam et al.
[59] [M11]

Sikma et al.
[49] [M12]

Type of
transplant
Renal

Liver

Heart and
lung

Number
of
subjects
102

31

30 (10
heart, 20
lung)

Number of
concentrations
500

213

119

Posttransplant
time
2–123
months

‘‘Immediate
posttransplant
period’’

First 6 days

Sampling
schedules (h)

Bioanalytical
method

Model
structure

Pharmacokinetic parameters and covariate relationships

31 patients:
Pre-dose, 0.5,
1, 1.5, 2, 3, 4,
5, 6, 8, 10, 12;
71 patients:
Pre-dose, 2

HPLC-MS/MS

2-CMT
First-order
absorption,
with a lag
time and
first-order
elimination

Ka = 0.544 h-1
Lag time = 0.183*(2.60DM) h
DM=1 if diabetic, otherwise DM =0
CL/F = 20.7*[(Age/50)-0.78]*[2.03CYP3A5]*[1.40ABCC2] L/h
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise
CYP3A5 = 1;
ABCC2 = 1 if patient is ABCC2 haplotype H2/H2 or H1/H2,
otherwise ABCC2 = 0
V1/F = 234 L
Q/F = 70.7 L/h
V2/F = 1319 L
Ka = 2.08 h-1
CL/F = 14.1 + 0.237*(WT-55) – 2.93*Y – 0.0801*(SCR-60) L/h
Y=0 for ALP<200 U/L; Otherwise, Y=1
V/F = 217 – [7.83*(HCT-31.1)] + [179*(HT-1.61)] L

‘‘Serial
samples
within a
dosing
interval of
12h’’
Pre-dose, 1,
1.5, 2, 2.5, 3,
4, 6, 8, 12

HPLC-MS/MS

HPLC-MS/MS

1-CMT
First-order
absorption
and
elimination
2-CMT
Mixed zeroand firstorder
absorption

Ka = 0.579 h-1 (fixed)
F = 1 (fixed)
CL/F = 20.9 L/h
V1/F = 220 L
Q/F = 72 L/h
V2/F = 469 L
Bmax (WBC), (pg/mL) = 2700
Kd (WBC), (pg/mL) = 0.142
Nplasma = 137

BSV
(%)

BOV
(%)

RUV

Prop RRE = 18.4%

43.9

157

Prop RRE = 34.8
%

65.7
63.8

10
(fixed)
10
(fixed)
42.1
10
(fixed)
10
(fixed)
10
(fixed)
27
3
(fixed)
29

98.3
(fixed)
65

Prop RRE: WBC =
16.7%
UPC = 36.3%
TPC = 31.6%
Correlation:
WBC, UPC = 0.26
WBC, TPC = 0.51
TPC, UPC = 0.51
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Reference
[Model
number]
Sikma et al.
[48] [M13]

Staatz et al.
[4] [M14]

Storset et
al. [35]
[M15]

Storset et
al. [51]
[M16]

Type of
transplant
Heart and
lung

Liver

Renal

Renal

Number
of
subjects
30 (10
heart, 20
lung)

Number of
concentrations

68

1742

242

69

119

3100

1546

Posttransplant
time
First 6 days

6–2115 days

4 days-15
years

First 70 days.
Substudies:
26 days-18
years

Sampling
schedules (h)

Bioanalytical
method

Model
structure

Pharmacokinetic parameters and covariate relationships

Pre-dose, 1,
1.5, 2, 2.5, 3,
4, 6, 8, 12

HPLC-MS/MS

2-CMT
Mixed zeroand firstorder
absorption

All patients:
Pre-dose;
36 patients:
1, 2, 4, 6 or 8

LC-MS/MS

Ka = 0.579 h-1
F = 1 (fixed)
CL/F = 19.6 L/h
V1/F = 231 L
Q/F = 58.2 L/h
V2/F = 521 L
Ka = 4.48 h-1 (fixed)
CL/F = 29.6 L/h (AST <70 U/L)
CL/F = 24.0 L/h (AST >70 U/L)
V/F = 601*(WT/72.1) L

All patients:
Pre-dose;
Some
patients from
full PK
profiling and
some from
limited PK
profiling

MEIA, CMIA,
LC-MS/MS

29 patients
(substudies):
Pre-dose,
0.25, 0.5, 1,
1.5, 2, 2.5, 3,
4, 5, 6, 8, 10,
12, 23, 24;
44 patients:
Pre-dose

MEIA, CMIA,
LC-MS/MS

1-CMT
First-order
absorption
and
elimination
2-CMT
First-order
absorption
with a lag
time and
first-order
elimination

2-CMT
First-order
absorption,
with a lag
time and
first-order
elimination

F = 1*[1 – (0.67*PREDDOSE)/(35 + PREDDOSE)]*[2.68 (If POD1),
otherwise = 1]*[0.82 (If CYP3A5 expresser), otherwise = 1]
CLp/F = 811*[(FFM/60)0.75]*[1.3 (If CYP3A5 expresser) or 1 (If
CYP3A5 non-expresser)] L/h
V1p/F = 6290*FFM/60 L
Qp/F = 1200*[(FFM/60)0.75] L/h
V2p/F = 32100*FFM/60 L
Ka = 1.01 h-1
Lag time = 0.41 h
CL/F (HCT 45%, FFM 60 kg) = 16.1 L/h
V1/F (HCT 45%, FFM 60 kg) = 125 L
V2/F (HCT 45%, FFM 60 kg) = 636 L
Correlation:
V1/F, CL/F = 0.43
CL/F, Q /F = 0.62
F = [1.87 + (1 – 1.87)/(1 + (POD/2.6)-10))]*
[1 + 0.27/(1 + (POD/30)-2.3) )]*
[Fmin,age + (1 - Fmin,age)/(1 + (AGE/44)-12.2)]*CYP3A5
CYP3A5 = 0.51 if patient is a CYP3A5 expresser, otherwise
CYP3A5 = 1.
Fmin,age = 0.44 (females) or 0.68 (males).
Ka = 1.14 h-1
Ka, substudy 2 = 0.37 h-1
Lag time = 0.21 h
Lag time, substudy 2 = 0.82 h
CL/Fn = 20.5*[(FFM/60)0.75] L/h

BSV
(%)

34.6

BOV
(%)

RUV

98.3
55
29.5
35.1

Prop RRE = 14%

Add RRE = 3.3
ng/mL

43
93
FPOD1 =
57

23

Prop RRE = 14.9%

120
40
54
63

BSV
Fmax,late
= 117

Fn =
16

Prop RRE = 16.7%
Study 2 factor =
0.57
Study 3 factor =
0.73

63

33
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Reference
[Model
number]

Type of
transplant

Number
of
subjects

Number of
concentrations

Posttransplant
time

Sampling
schedules (h)

Bioanalytical
method

Model
structure

Pharmacokinetic parameters and covariate relationships

BSV
(%)

BOV
(%)

RUV

V1/Fn = 105*(FFM/60) L
14
Q/Fn = 35.8*[(FFM/60)0.75] L/h
91
V2/Fn = 450*(FFM/60) L
52
Correlation (CL/Fn, Q/Fn) = 0.75
PK parameters were standardised to a 40-year-old male,
CYP3A5 non-expresser with FFM of 60 kg and HCT of 45% at a
time point with the lowest estimated bioavailability (Fn, POD 5)
Woillard et
Renal
73
NS
1 week-6
Pre-dose,
TFC-MS/MS
2-CMT .
Ktr = 3.34*(1.53FORM) h-1
24
33
Prop RRE = 11.3%
al. [52]
months
0.33, 0.66, 1,
Erlang
CL/F = 21.2*[(HCT/35)-1.14]*(2CYP3A5) L/h
28
31
[M17]
1.5, 2, 3, 4, 6,
model with
V1/F = 486*(0.29FORM) L
31
75
Add RRE = 0.71
9 at 5
3 transit
Q/F = 79 L/h
54
ng/mL
transplant
CMT and
V2/F = 271 L
60
periods, 12 h
first-order
FORM = 0 if patient received Advagraf®, otherwise FORM = 1
(Week 1 and
elimination
CYP3A5 = 0 if patient is a CYP3A5 non-expresser, otherwise
2)
CYP3A5 = 1
ACMIA antibody-conjugated magnetic immunoassay; Add RRE additive residual random error; ALB albumin; ALP alkaline phosphatase; AST aspartate transaminase; Bmax Maximum binding capacity; BOV between-occasion variability; BSA body
surface area; BSV between-subject variability; CL clearance; CL/F apparent oral clearance; CLp/F apparent oral clearance from plasma; CMIA chemiluminescent microparticle immunoassay; CMT compartment; CrCL creatinine clearance; CYP
cytochrome P450; EMIT enzyme-multiplied immunoassay technique; F bioavailability; FFM fat-free mass; HCT haematocrit; HPLC-MS/MS high-performance liquid chromatography-tandem mass spectrometry; HT height; Ka absorption rate
constant; Ktr transfer rate constant; LAST log transformed aspartate transaminase; LBW lean body weight; LC-MS/MS liquid chromatography-tandem mass spectrometry; MEIA microparticle enzyme immunoassay; Nplasma Non-specific binding
constant; NS not stated; POD post-operative days; PREDDOSE prednisone or prednisolone dose; Prop RRE proportional residual random error; Q intercompartmental clearance; Q/F apparent oral intercompartmental clearance; Qp/F apparent
oral intercompartmental clearance in plasma; RUV random unexplained variability; SCR serum creatinine; TFC-MS/MS turbulence flow chromatography-tandem mass spectrometry; TPC Total tacrolimus plasma concentrations; UPC Unbound
tacrolimus plasma concentrations; UPLC-MS ultra-performance liquid chromatography-mass spectrometry; V1 central volume of distribution; V2 peripheral volume of distribution; V/F apparent oral volume of distribution; V1/F apparent oral
central volume of distribution; V2/F apparent oral peripheral volume of distribution; V1p/F apparent oral central volume of distribution in plasma; V2p/F apparent oral peripheral volume of distribution in plasma; WBC Whole-blood concentration;
WT weight.
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4.5.2 Characteristics of the heart transplant recipients
Data from 85 heart transplant recipients were collected for model evaluation (Table 12
and 13). One transplant recipient had a history of organ transplantation. None of the
transplant recipients had cystic fibrosis. The median (range) age was 55 (19−70) years,
and the majority were male (67%). All heart transplant recipients received triple
maintenance immunosuppressive therapy comprising tacrolimus, mycophenolate
mofetil and corticosteroids following transplantation. Intravenous basiliximab was
administered as an induction therapy on the day of operation and day 4 post-heart
transplant to 81% of transplant recipients with renal impairment (to delay the
commencement of tacrolimus) or those who received mechanical circulatory support
(left ventricular, biventricular assist devices or total artificial hearts). All heart transplant
recipients received oral itraconazole (200 mg 12-hourly) immediately posttransplantation as prophylaxis against Aspergillus fungal infection. The antifungal
therapy was continued for up to 6 months post-transplantation unless contraindicated
due to deranged liver enzymes. During azole antifungal therapy, eleven heart transplant
recipients were switched from itraconazole to a different azole antifungal (fluconazole;
n=6, voriconazole; n=4, posaconazole; n=1) based on the fungal culture and sensitivity
results.

171

Chapter 4
Table 12. Heart transplant recipient characteristics (n=85) on admission and
concomitant medications administered immediately post-heart transplant.
Characteristics

Median (range)*

Male, n (%)

57 (67)

Age (years)

55 (19−70)

Weight (kg)

77 (40−111)

Height (cm)

175 (150−195)

Race, n (%)
White/Caucasian

41 (48)

Asian

10 (12)

Unknown

34 (40)

Diabetes mellitus, n (%)

29 (34)

CYP3A5 (rs776746), n (%)
*1/*1

1 (1)

*1/*3

16 (19)

*3/*3

35 (41)

Unknown

33 (39)

CYP3A4 (rs35599367), n (%)
*1/*1

48 (56)

*1/*22

4 (5)

Unknown

33 (39)

CYP3A phenotype∆
Extensive metabolisers

15 (18)

Intermediate metabolisers

35 (41)

Poor metabolisers
Unknown

2 (2)
33 (39)

ABCB1 (rs1045642), n (%)
CC

11 (13)

CT

28 (33)

TT

13 (15)

Unknown

33 (39)
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Haematocrit (fraction)**

0.27 (0.21−0.38)

Albumin (g/L)**

35 (20−45)

Serum creatinine concentration (µmol/L)**

115 (39−293)

Creatinine clearance (mL/min)**

63 (25−172)

Aspartate aminotransferase (U/L)**

73 (14−1390)

Alkaline phosphatase (U/L)**

53 (21−249)

Concomitant immunosuppressants, n (%)
Mycophenolate mofetil

85 (100)

Corticosteroids

85 (100)

Basiliximab

69 (81)

Concomitant azole antifungal, n (%)
Itraconazole

85 (100)

Creatinine clearance was calculated using the Cockcroft-Gault formula [33].
*Data are presented as median (range) unless otherwise stated.
**Just before the first tacrolimus dose.
∆

CYP3A phenotype: poor metabolisers (CYP3A4*22 carriers with the CYP3A5*3/*3

genotype), intermediate metabolisers (CYP3A4*22 non-carriers with the CYP3A5*3/*3
genotype or CYP3A4*22 carriers with the CYP3A5*1/*1 genotype), and extensive
metabolisers (CYP3A4*22 non-carriers and CYP3A5*1 carriers).

Table 13. Heart transplant recipient (n=50) CYP3A4, CYP3A5 and ABCB1 genotypes
stratified based on race.
Race

Asian*

CYP3A5

CYP3A4

ABCB1

*3/*3

*1/*3

*1/*1

*1/*1

*1/*22

CC

CT

TT

6

3

1

10

0

2

7

1

28

12

0

36

4

9

20

11

(n=10)
White/
Caucasian
(n=40)
Race data was not available for two transplant recipients with genotype information.
*South-east Asian (n=2), North-east Asian (n=5), Southern and Central Asian (n=3).
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A total of 2387 tacrolimus concentrations, including 1770 with concomitant azole
antifungal and 617 without concomitant azole antifungal were collected between 2- and
391-days post-transplant. Most (52%; 1234/2387) tacrolimus concentrations were
collected in the outpatient setting with the remaining concentrations obtained whilst an
inpatient. The median (range) number of tacrolimus concentrations collected per
transplant recipient was 25 (1−66). The median (range) time after tacrolimus dose
administration was 12.61 (6.05–94.78) hours.

The median (range) tacrolimus dose administered by heart transplant recipient while
receiving concomitant azole antifungal therapy was 0.50 mg 12-hourly (0.05 mg to 8.00
mg 12-hourly) and without concomitant azole antifungal therapy was 3.00 mg 12-hourly
(0.10 mg to 12.00 mg 12-hourly). Dose-normalised tacrolimus concentrations were
higher when transplant recipients were receiving concomitant azole antifungal therapy
(Figure 12). CYP3A5 expressers (CYP3A5*1 carriers) were less susceptible to the
inhibitory effects of concomitant azole antifungal on tacrolimus metabolism in
comparison to CYP3A5 non-expressers (Figure 13).

174

Chapter 4

Figure 12. Dose-normalised tacrolimus concentrations against time after dose in adult
heart transplant recipients (n=85), with concomitant azole antifungal therapy (n=1770
tacrolimus concentrations) and without concomitant azole antifungal therapy (n=617
tacrolimus concentrations). Y-axis is on a log10 scale. The delay in tacrolimus
concentration collection up to 16 hours after the last administered dose was due to the
busy clinical environment and critical condition of heart transplant recipients. Some
tacrolimus doses were withheld due to supratherapeutic tacrolimus concentration(s) or
acute kidney injury. Due to these clinical conditions, tacrolimus concentrations are
monitored daily until the condition resolves, explaining the reported time after
tacrolimus dose of greater than 16 hours.
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Figure 13. Dose-normalised tacrolimus concentrations against days post-transplant in
adult heart transplant recipients (n=52), stratified based on concomitant azole
antifungal use and CYP3A5 genotype. Y-axis is on a log10 scale.

4.5.3 Model evaluation
4.5.3.1 Simulated concentration-time profiles
The simulated tacrolimus concentration-time profiles of a typical heart transplant
recipient obtained from each of the 17 population pharmacokinetic models showed
large variability in the predicted concentration-time profiles regardless of type of organ
transplanted and model structure (Figure 14). Predicted trough concentrations for the
typical transplant recipient ranged from 2.2 to 10.4 µg/L, while AUC0-12 ranged between
61 and 275 µg*h/L after a single dose of 5 mg oral immediate-release formulation of
tacrolimus.
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Figure 14. Model predicted tacrolimus concentration-time profiles following the first
dose of 5 mg oral immediate-release formulation of tacrolimus administered on day 1
post-transplant to a typical heart transplant recipient. A typical heart transplant
recipient is defined here as a 40-year-old Caucasian male, with a body weight of 60 kg,
height: 170 cm, haematocrit fraction: 0.30, serum creatinine concentration: 110 µmol/L,
albumin: 35 g/L, alkaline phosphatase: 50 U/L, aspartate aminotransferase: 90 U/L, nondiabetic, non-cystic fibrosis, CYP3A5*3/*3 genotype, CYP3A4*1 allele, ABCC2 haplotype
H1/H1 and ABCB1 C3435T CT genotype]. (*) represents a 1-compartment model and
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(**) is a 2-compartment model. (a) represents model developed from renal transplant
recipients, (b) model developed from liver transplant recipients, (c) model developed
from renal, liver and heart transplant recipients, (d) model developed from lung
transplant recipients, (e) model developed from renal and liver transplant recipients, and
(f) model developed from heart and lung transplant recipients.

4.5.3.2 Predictive performance metrics
a)

Prediction-based assessment

With concomitant azole antifungal therapy
Regardless of the number of prior dosing occasions (1−3), all models underpredicted
(bias <0%) tacrolimus concentrations of the fourth dosing occasion (n=100) in the
presence of concomitant azole antifungal therapy (Figure 15, Appendix 6). None of the
models had a 95% CI of bias that included zero and imprecision ≤20% for all evaluation
settings. Therefore, none of the models was considered clinically acceptable in the
presence of concomitant azole antifungal therapy. The percentage of individual
predicted tacrolimus concentrations of the fourth dosing occasion that were predicted
within ±20% of the observed concentrations were ≤40% in all evaluation settings (Table
14).
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Figure 15. The bias and imprecision of the individual predicted tacrolimus concentration
of the fourth dosing occasion (n=100; blinded to the model) by each model relative to
the observed concentrations, with concomitant azole antifungal therapy. The first-row
panels show the median bias and its 95% CI. The second-row panels show the median
imprecision and its 95% CI. The blue shading depicts the clinically acceptable range for
bias (first-row panels) and imprecision (second-row panels). A model is clinically
acceptable if bias and imprecision are within the clinically acceptable range, and the 95%
CI of bias crosses zero (dashed red lines). OCC3_4 Third dosing occasion was used to
predict tacrolimus concentration of the fourth dosing occasion; OCC23_4 Second and
third dosing occasions were used to predict tacrolimus concentration of the fourth
dosing occasion; OCC123_4 First, second and third dosing occasions were used to
predict tacrolimus concentration of the fourth dosing occasion.
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Table 14. The percentage of individual predicted tacrolimus concentrations of the fourth
dosing occasion that were predicted within ±20% of the observed concentrations.
Model

The percentage of individual predicted tacrolimus concentrations of the
fourth dosing occasion that were predicted within ±20% of the
observed concentrations
OCC3_4

OCC23_4

OCC123_4

With concomitant azole antifungal therapy (n=100)
M1

15 (15/100)

14 (14/100)

20 (20/100)

M2

16 (16/100)

32 (32/100)

35(35/100)

M3

1 (1/100)

1 (1/100)

1 (1/100)

M4

18 (18/100)

18 (18/100)

27 (27/100)

M5

22 (22/100)

25 (25/100)

23 (23/100)

M6

32 (32/100)

35 (35/100)

34 (34/100)

M7

20 (20/100)

26 (26/100)

31 (31/100)

M8

0 (0/100)

0 (0/100)

0 (0/100)

M9

9 (9/100)

28 (28/100)

27 (27/100)

M10

27 (27/100)

29 (29/100)

24 (24/100)

M11

30 (30/100)

40 (40/100)

36 (36/100)

M12

24 (24/100)

31 (31/100)

36 (36/100)

M13

26 (26/100)

31 (31/100)

39 (39/100)

M14

12 (12/100)

21 (21/100)

27 (27/100)

M15

24 (24/100)

32 (32/100)

38 (38/100)

M16

32 (32/100)

35 (35/100)

34 (34/100)

M17

1 (1/100)

1 (1/100)

1 (1/100)

Without concomitant azole antifungal therapy (n=52)
M1

29 (15/52)

23 (12/52)

12 (6/52)

M2

21 (11/52)

19 (10/52)

12 (6/52)

M3

12 (6/52)

12 (6/52)

12 (6/52)

M4

35 (18/52)

37 (19/52)

31 (16/52)

M5

27 (14/52)

37 (19/52)

25 (13/52)

M6

33 (17/52)

29 (15/52)

27 (14/52)
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M7

37 (19/52)

37 (19/52)

33 (17/52)

M8

27 (14/52)

27 (14/52)

27 (14/52)

M9

40 (21/52)

33 (17/52)

27 (14/52)

M10

21 (11/52)

8 (4/52)

4 (2/52)

M11

23 (12/52)

17 (9/52)

13 (7/52)

M12

46 (24/52)

38 (20/52)

33 (17/52)

M13

44 (23/52)

37 (19/52)

31 (16/52)

M14

29 (15/52)

29 (15/52)

21 (11/52)

M15

31 (16/52)

23 (12/52)

13 (7/52)

M16

25 (13/52)

17 (9/52)

12 (6/52)

M17

21 (11/52)

21 (11/52)

21 (11/52)

OCC3_4 Third dosing occasion was used to predict tacrolimus concentration of the
fourth dosing occasion; OCC23_4 Second and third dosing occasions were used to
predict tacrolimus concentration of the fourth dosing occasion; OCC123_4 First, second
and third dosing occasions were used to predict tacrolimus concentration of the fourth
dosing occasion.

Without concomitant azole antifungal therapy
Model performances varied substantially for individual predicted tacrolimus
concentration of the fourth dosing occasion (n=52) without concomitant azole
antifungal therapy (Figure 16, Appendix 7). None of the models had an imprecision of
≤20% for all evaluation settings. Therefore, none of the models was considered clinically
acceptable in the absence of concomitant azole antifungal therapy. The percentage of
individual predicted tacrolimus concentrations of the fourth dosing occasion that were
predicted within ±20% of the observed concentrations were <50% in all evaluation
settings (Table 14).
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Figure 16. The bias and imprecision of the individual predicted tacrolimus concentration
of the fourth dosing occasion (n=52; blinded to the model) by each model relative to the
observed concentrations, without concomitant azole antifungal therapy. The first-row
panels show the median bias and its 95% CI. The second-row panels show the median
imprecision and its 95% CI. The blue shading depicts the clinically acceptable range for
bias (first-row panels) and imprecision (second-row panels). A model is clinically
acceptable if bias and imprecision are within the clinically acceptable range, and the 95%
CI of bias crosses zero (dashed red lines). OCC3_4 Third dosing occasion was used to
predict tacrolimus concentration of the fourth dosing occasion; OCC23_4 Second and
third dosing occasions were used to predict tacrolimus concentration of the fourth
dosing occasion; OCC123_4 First, second and third dosing occasions were used to
predict tacrolimus concentration of the fourth dosing occasion.
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b)

Simulation-based assessment

The poor overlap between the predicted and observed percentiles indicated all models
inadequately described the data in the presence (Figure 17) and absence (Figure 18) of
concomitant azole antifungal therapy. Specifically, the observed data were higher than
the simulated data across all models in the presence of concomitant azole antifungal
therapy.
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Figure 17. Prediction-corrected visual predictive check (pcVPC) plots for all models
(n=17) with concomitant azole antifungal therapy. Y-axis is on a log10 scale. The
observed concentrations (solid red dots), median observed (solid red line) and predicted
(solid black line), 5th and 95th percentiles of the observations (dashed red line),
corresponding prediction percentiles (dashed black line) and 95% prediction intervals
for the predicted percentiles (grey band) are shown. The vertical dashes at the bottom
of the plots separate the bins.
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Figure 18. Prediction-corrected visual predictive check (pcVPC) plots for all models
(n=17) without concomitant azole antifungal therapy. Y-axis is on a log10 scale. The
observed concentrations (solid red dots), median observed (solid red line) and predicted
(solid black line), 5th and 95th percentiles of the observations (dashed red line),
corresponding prediction percentiles (dashed black line) and 95% prediction intervals
for the predicted percentiles (grey band) are shown. The vertical dashes at the bottom
of the plots separate the bins.
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4.6

Discussion

Over 70 population pharmacokinetic models of tacrolimus in adult transplant recipients
have been published [19]. Identifying an appropriate model(s) to be integrated within a
Bayesian dosing software is essential prior to its implementation in routine clinical
practice to ensure optimal dose recommendations for the targeted population [60]. To
the best of our knowledge, this is the first comprehensive evaluation of the
performances of existing models to predict tacrolimus concentrations in adult heart
transplant recipients receiving and not receiving concomitant azole antifungal therapy.

Consistent with the large variability in tacrolimus pharmacokinetics, the resulting
simulated concentration-time profiles of all evaluated models (Figure 14) showed large
variability in the predicted tacrolimus concentration-time profiles following the same
tacrolimus dose administered to a typical heart transplant recipients with the same
characteristics. The variable exposure could be due to the differences in transplant
recipient characteristics used for model building, study design, model structures and
tacrolimus parameter-covariate relationships. The large variability in tacrolimus
exposure across the models highlights the lack of model generalisability not only
between different but also within the same solid organ transplant recipient populations.
The requirement to use different models in specific transplant recipient populations is
cumbersome and likely poses a significant barrier to the implementation of Bayesian
approach to guide tacrolimus dosing decisions.

Mimicking clinical practice, the ability of tacrolimus models to predict tacrolimus
concentrations of the fourth dosing occasion (blinded to the model) from 1−3 prior
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dosing occasions was evaluated. Tacrolimus models developed from various solid organ
transplant recipient populations, including thoracic transplant, were unsatisfactory in
predicting tacrolimus concentrations of the fourth dosing in adult heart transplant
recipients. This is regardless of (1) the number of prior dosing occasions (1−3) included
for model predictions and (2) concomitant azole antifungal use. While studies [11, 6166] have demonstrated an improvement in individual predicted tacrolimus
concentration considerably by models with input of at least one prior tacrolimus
concentration, this was not the case in the present study. Given the evaluated models
were developed from transplant recipient populations where concomitant azole
antifungal use was either prohibited or uncommon, the models are anticipated to
reasonably predict tacrolimus concentration in the setting of without concomitant azole
antifungal therapy in comparison to with concomitant azole antifungal therapy. The
reason for the contrary outcome remains unclear. Due to poor model predictions, the
models are deemed inappropriate to be used clinically to guide tacrolimus dosing
decisions.

Three studies [61, 62, 67] have performed an external evaluation of several existing
tacrolimus models (n=8 to 16) in transplant recipients. Consistent with the present
study, external evaluation of liver [62] and renal [61] tacrolimus models performed in
the respective transplant recipient populations displayed poor pcVPC. Another study
evaluated renal-derived tacrolimus models in renal transplant recipients, stratified
based on CYP3A5 genotype [67]. Unfortunately, most models displayed acceptable
pcVPC only for CYP3A5 extensive metabolisers [67]. It is important to note that two [61,
62] of the three studies recommended the incorporation of non-linear pharmacokinetics
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during pharmacokinetic modelling to improve model predictability. Considering this
recommendation, further optimisation of tacrolimus models is required to enable model
extrapolation not only between same but different organ transplant recipient
populations.

Relevant models developed from non-heart transplant recipients were included for
evaluation. This is because recent data indicate that tacrolimus models can be
extrapolated across various organ transplant recipient populations [11, 65]. Further,
only one [58] of two tacrolimus population pharmacokinetic models [47, 58] that
considered type of organ transplant, identified distinct differences in tacrolimus
clearance between a liver and non-liver transplant populations. With increasing
evidence, this suggests the potential for extrapolation of tacrolimus models across
different organ transplant recipient populations.

Five tacrolimus population pharmacokinetic models have been developed using data
from heart transplant recipients [19]. While three of them (M7, M12, M13) were
evaluated in the present study, the remaining two models [22, 32] were not evaluated
as their study design did not fulfil the model selection criteria. Nonetheless, we did
attempt to evaluate both models (Appendix 8 and Appendix 9). Unfortunately, they
were unable to adequately describe tacrolimus pharmacokinetics in our study
population, with and without concomitant azole antifungal. This concludes that none of
the existing tacrolimus models developed from heart transplant recipients is suitable for
use for our study population. Further work is required to modify or develop a population
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pharmacokinetic model to describe tacrolimus pharmacokinetics for our heart
transplant recipient cohort.

4.7

Limitations

Collection of prednisolone doses in the outpatient setting was not possible as they were
not consistently documented in the paper medical record. High doses of corticosteroid
therapy [9] administered in the early phase post-transplant may increase tacrolimus
clearance and hence, models may overpredict tacrolimus concentrations. Due to the
retrospective nature of the study, the time of tacrolimus administration in the
outpatient setting cannot be guaranteed. This may impact the accuracy of data used for
model prediction. Possible discrepancies between the actual and published model codes
could have influenced model performances. Race, CYP3A5 genotype, CYP3A4 genotype
and ABCB1 genotype have been shown to influence tacrolimus apparent clearance [10,
19, 47, 68]. These data were unavailable in approximately 40% of the heart transplant
recipients included in this study. This could have influenced the performances of models
that had any of these covariates in the model.

4.8

Conclusions

Seventeen published population pharmacokinetic models of tacrolimus developed from
various solid organ transplant recipient populations were evaluated using the Bayesian
approach in adult heart transplant recipients. These models were unable to adequately
describe tacrolimus pharmacokinetics in heart transplant recipients included in this
study. Further work is required to describe tacrolimus pharmacokinetics for our heart
transplant recipient cohort.
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4.9

Study highlights

What is already known about this subject?
• Numerous population pharmacokinetic models of tacrolimus in adult transplant
recipients have been published to characterise tacrolimus pharmacokinetics.
• Identifying an appropriate tacrolimus model to be integrated within a Bayesian
dosing software for specific patient sub-groups is essential prior to its
implementation in routine clinical practice to facilitate dose individualisation.

What this study adds?
• A large number of population pharmacokinetic models of tacrolimus evaluated were
unable to adequately describe tacrolimus pharmacokinetics in heart transplant
recipients regardless of concomitant azole antifungal therapy.
• More work is required to adequately characterise tacrolimus pharmacokinetics in
heart transplant recipients.
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Appendices

Appendix 5. Institutional tacrolimus dosing and monitoring guidelines for post-heart
transplant recipients.
Dosing
Formulation
Initial dose
Maintenance dose

Estimated glomerular
filtration rate (eGFR) <60
mL/min/1.73 m2
Monitoring
Initial dose

Oral
0.5 mg (fixed test dose)

Intravenous*
0.015 mg/kg/day infused
over 24 hours
Administered 12-hourly.
Administered as a
Dose adjusted based on
continuous infusion over 24
steady-state** trough
hours. Dose adjusted based
concentration(s) and
on steady-state tacrolimus
transplant recipient’s overall concentration(s) and
clinical assessment.
transplant recipient’s overall
clinical assessment.
Delay commencement of initial dose until eGFR is ≥60
mL/min/1.73 m2.

Check trough concentration.

Check steady-state
tacrolimus concentration.
Maintenance dose
Check trough concentration
Check steady-state
at steady-state**, frequency tacrolimus concentration
of monitoring based on
twice weekly or based on
transplant recipient’s overall transplant recipient’s overall
clinical assessment.
clinical assessment.
Therapeutic range of trough
8−12 µg/L (day 1 – day 7)
concentration
10−15 µg/L (day 8 − 3 months)
(Time post-transplant)***
8−12 µg/L (>3 − 12 months)
6−8 µg/L (>12 months)
*In Australia, intravenous tacrolimus is licensed to be administered only as a continuous infusion
and not to be administered as a bolus, intermittent, or short infusion [69].
**At least 48 hours after initiation of maintenance therapy or any dose adjustment.
***To achieve the same drug exposure, the drug concentration targeted while a transplant
recipient is on continuous infusion of tacrolimus will be higher than the drug concentration
targeted while a transplant recipient receives the oral twice-daily dosing. In our institute,
clinicians target at least the higher end of the therapeutic range specified in the guideline table
if a transplant recipient receives an intravenous infusion.
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Appendix 6. The bias and imprecision of the individual predicted tacrolimus concentration of
the fourth dosing occasion (n=100; blinded to the model) by each model relative to the observed
concentrations, with concomitant azole antifungal therapy.
Model

Bias

Imprecision

%

95% CI

%

95% CI

M1

-51.6

-57.59, -45.46

52.0

45.78, 57.59

M2

-37.4

-39.97, -31.48

37.5

32.02, 39.97

M3

-85.6

-87.84, -81.31

85.6

81.31, 87.84

M4

-46.5

-56.61, -38.30

46.5

38.47, 56.61

M5

-38.9

-44.64, -30.26

41.1

38.20, 48.98

M6

-24.7

-33.64, -16.24

34.3

25.52, 41.50

M7

-38.5

-45.48, -28.59

38.9

28.87, 45.87

M8

-77.1

-80.66, -72.21

77.3

72.67, 81.01

M9

-47.6

-54.20, -38.79

47.6

38.91, 54.20

M10

-30.6

-38.51, -21.65

36.2

28.96, 44.51

M11

-25.9

-32.61, -16.78

31.6

26.20, 34.87

M12

-31.3

-36.61, -25.97

33.3

28.12, 40.10

M13

-33.4

-38.55, -26.52

35.7

27.55, 40.18

M14

-58.0

-65.59, -54.32

58.0

54.32, 65.59

M15

-37.5

-43.42, -30.29

38.8

30.50, 44.66

M16

-29.1

-37.53, -22.37

32.0

24.74, 39.43

M17

-87.6

-90.02, -83.53

87.6

83.53, 90.02

M1

-43.2

-47.39, -33.77

44.6

39.67, 48.00

M2

-29.0

-33.64, -21.43

31.1

23.58, 33.95

M3

-85.6

-87.84, -81.31

85.6

81.31, 87.84

M4

-37.9

-44.83, -30.32

39.5

31.08, 47.65

M5

-28.2

-36.84, -19.94

37.3

29.16, 42.97

M6

-12.2

-21.97, -7.13

31.2

23.24, 39.68

M7

-32.2

-37.47, -26.69

32.7

28.46, 37.64

M8

-77.1

-80.66, -72.21

77.3

72.67, 81.01

M9

-35.9

-43.26, -27.17

35.9

27.82, 43.26

M10

-22.3

-31.97, -9.68

32.2

25.51, 43.21

OCC3_4

OCC23_4
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M11

-16.9

-26.74, -9.82

26.5

19.06, 33.12

M12

-23.8

-30.27, -20.11

28.7

22.85, 34.52

M13

-26.0

-33.07, -19.08

29.7

24.81, 35.72

M14

-42.3

-52.01, -34.32

42.3

36.95, 52.01

M15

-29.9

-38.62, -23.01

31.4

23.77, 39.50

M16

-22.8

-31.19, -14.75

28.7

22.25, 32.44

M17

-87.6

-90.02, -83.53

87.6

83.53, 90.02

M1

-38.4

-43.16, -29.76

41.2

31.25, 44.36

M2

-24.0

-31.96, -19.05

28.4

21.19, 33.57

M3

-85.6

-87.84, -81.31

85.6

81.31, 87.84

M4

-36.1

-42.13, -25.79

36.9

27.87, 42.89

M5

-24.1

-30.77, -11.06

35.7

30.73, 41.69

M6

-10.7

-20.45, -2.96

31.1

23.56, 37.83

M7

-30.0

-35.41, -21.24

32.0

25.11, 37.67

M8

-77.1

-80.66, -72.21

77.3

72.67, 81.01

M9

-27.8

-34.30, -23.04

29.7

26.59, 37.35

M10

-14.5

-27.81, -0.14

38.8

31.48, 49.58

M11

-15.3

-21.82, -4.81

28.7

21.82, 35.09

M12

-22.5

-28.70, -16.62

27.8

22.23, 34.97

M13

-24.2

-31.32, -16.69

27.8

20.49, 35.40

M14

-37.3

-43.95, -27.98

37.8

29.10, 45.13

M15

-25.5

-32.80, -17.67

28.5

22.41, 35.52

M16

-19.6

-30.15, -14.55

30.6

23.53, 36.86

M17

-87.6

-90.02, -83.53

87.6

83.53, 90.02

OCC123_4

OCC3_4 Third dosing occasion was used to predict tacrolimus concentration of the fourth dosing
occasion; OCC23_4 Second and third dosing occasions were used to predict tacrolimus
concentration of the fourth dosing occasion; OCC123_4 First, second and third dosing occasions
were used to predict tacrolimus concentration of the fourth dosing occasion.
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Appendix 7. The bias and imprecision of the individual predicted tacrolimus concentration of
the fourth dosing occasion (n=52; blinded to the model) by each model relative to the observed
concentrations, without concomitant azole antifungal therapy.
Model

Bias

Imprecision

%

95% CI

%

95% CI

M1

21.7

0.47, 53.36

36.4

22.33, 59.17

M2

56.1

16.64, 107.64

56.1

30.48, 107.64

M3

-48.3

-61.23, -30.96

50.9

32.67, 62.00

M4

16.6

4.55, 37.47

29.2

21.15, 46.43

M5

-28.7

-37.51, -17.18

35.1

26.86, 46.44

M6

-17.5

-36.56, -6.89

27.6

20.16, 43.62

M7

7.6

-0.48, 33.88

29.5

19.73, 42.39

M8

-27.2

-48.80, -17.18

36.6

24.92, 51.35

M9

12.3

-2.64, 23.04

36.6

18.02, 60.03

M10

132.8

62.57, 223.20

132.8

62.57, 223.20

M11

60.6

17.48, 131.48

60.6

31.88, 131.48

M12

11.5

4.05, 37.31

23.9

14.28, 38.10

M13

13.2

3.48, 42.42

22.7

13.95, 42.42

M14

-4.2

-29.42, 15.31

40.0

23.66, 48.26

M15

27.9

9.09, 44.07

31.7

22.64, 59.61

M16

67.1

24.78, 86.67

67.1

38.05, 86.67

M17

-48.9

-63.72, -40.32

49.6

41.07, 63.98

M1

32.4

20.12, 78.78

45.6

26.02, 78.78

M2

84.9

41.05, 136.33

84.9

41.89, 136.33

M3

-48.3

-61.23, -30.96

50.9

32.67, 62.00

M4

23.2

11.92, 92.42

28.5

18.60, 92.42

M5

-11.5

-25.86, 3.61

29.9

19.55, 46.57

M6

4.7

-15.40, 24.37

40.7

30.29, 45.84

M7

35.9

9.28, 60.96

36.3

19.81, 60.96

M8

-27.2

-48.80, -17.18

36.6

24.92, 51.35

M9

42.6

12.66, 71.25

45.8

28.87, 71.25

M10

211.5

117.13, 305.19

211.5

117.13, 305.19

OCC3_4

OCC23_4
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M11

80.6

50.46, 125.90

80.6

54.52, 125.90

M12

45.4

9.10, 66.28

45.4

17.06, 66.28

M13

41.1

9.67, 67.36

41.1

17.03, 67.36

M14

23.1

8.91, 36.58

34.5

22.44, 43.59

M15

38.1

23.19, 92.98

38.1

26.21, 92.98

M16

96.4

51.47, 136.56

96.4

51.47, 136.56

M17

-48.9

-63.72, -40.32

49.6

41.07, 63.98

M1

55.2

37.15, 165.70

55.2

38.13, 165.70

M2

104.0

57.65, 154.70

104.0

57.65, 154.70

M3

-48.3

-61.23, -30.96

50.9

32.67, 62.00

M4

82.3

24.99, 158.51

82.3

25.54, 158.51

M5

8.0

-5.43, 45.03

45.9

26.44, 58.22

M6

23.6

-0.86, 53.05

44.5

35.38, 65.07

M7

40.1

17.18, 168.90

40.1

26.43, 168.90

M8

-27.2

-48.80, -17.18

36.6

24.92, 51.35

M9

60.8

28.57, 94.86

62.9

35.48, 94.86

M10

264.3

194.36, 399.00

264.3

194.36, 399.00

M11

106.4

64.44, 172.60

106.4

64.44, 172.60

M12

87.3

20.29, 176.75

87.3

23.39, 176.75

M13

72.4

21.03, 180.42

72.4

27.29, 180.42

M14

34.5

22.32, 74.46

46.0

28.83, 74.46

M15

58.2

37.85, 164.34

58.2

37.85, 164.34

M16

130.6

54.86, 202.88

130.6

54.86, 202.88

M17

-48.9

-63.72, -40.32

49.6

41.07, 63.98

OCC123_4

OCC3_4 Third dosing occasion was used to predict tacrolimus concentration of the fourth dosing
occasion; OCC23_4 Second and third dosing occasions were used to predict tacrolimus
concentration of the fourth dosing occasion; OCC123_4 First, second and third dosing occasions
were used to predict tacrolimus concentration of the fourth dosing occasion.

202

Chapter 4

Appendix 8. The bias and imprecision of the individual predicted tacrolimus
concentration of the fourth dosing occasion (blinded to the model) by models developed
solely using data from heart transplant recipients relative to the observed
concentrations.
Model

Bias
%

Imprecision
95% CI

%

95% CI

Gong et al [32]
With concomitant azole antifungal therapy (n=100)
OCC3_4

-27.3

-31.1, -21.9

28.9

25.3, 33.0

OCC23_4

-21.0

-25.5, -14.7

25.0

20.7, 27.7

OCC123_4

-16.5

-22.2, -6.7

24.9

21.2, 28.1

Without concomitant azole antifungal therapy (n=52)
OCC3_4

99.9

45.2, 210.0

99.9

45.2, 210.0

OCC23_4

147.0

65.4, 241.0

147.0

65.4, 241.0

OCC123_4

180.0

97.8, 255.0

180.0

97.8, 255.0

Zhou et al [22]
With concomitant azole antifungal therapy (n=100)
OCC3_4

-11.4

-20.4, -3.15

29.8

20.4, 36.5

OCC23_4

-9.8

-17.2, -1.42

28.9

20.4, 37.3

OCC123_4

-4.7

-14.1, 1.66

28.7

21.4, 37.8

Without concomitant azole antifungal therapy (n=52)
OCC3_4

11.7

0.7, 20.6

20.2

13.8, 33.4

OCC23_4

19.2

7.7, 36.3

28.4

16.0, 39.9

OCC123_4

32.2

11.5, 68.2

35.4

18.8, 68.2

OCC3_4 Third dosing occasion was used to predict tacrolimus concentration of the
fourth dosing occasion; OCC23_4 Second and third dosing occasions were used to
predict tacrolimus concentration of the fourth dosing occasion; OCC123_4 First, second
and third dosing occasions were used to predict tacrolimus concentration of the fourth
dosing occasion.
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Appendix 9. Prediction-corrected visual predictive check (pcVPC) plots for models
developed solely using data from heart transplant recipients, stratified based on
concomitant azole antifungal use. Y-axis is on a log10 scale. The observed concentrations
(solid red dots), median observed (solid red line) and predicted (solid black line), 5th and
95th percentiles of the observations (dashed red line), corresponding prediction
percentiles (dashed black line) and 95% prediction intervals for the predicted percentiles
(grey band) are shown. The vertical dashes at the bottom of the plots separate the bins.
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Chapter 5:
Adaptation of a population
pharmacokinetic model to inform
tacrolimus therapy in heart
transplant recipients.
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5.1

Link to thesis

In Chapter 4, I presented an evaluation of the predictive performance of selected
tacrolimus population pharmacokinetic models developed from various organ
transplant recipient populations in adult heart transplant recipients. The evaluation was
stratified based on concomitant azole antifungal use. Unfortunately, none of the models
displayed acceptable predictive performance. Together, the findings from Chapters 2, 3
and 4 highlight that a population pharmacokinetic model is required to describe
tacrolimus pharmacokinetics in heart transplant recipients receiving and not receiving
concomitant azole antifungal therapy. In Chapter 5, I develop and evaluate a population
pharmacokinetic model for tacrolimus in heart transplant recipients that considers the
tacrolimus-azole antifungal interaction. Routine drug monitoring data, principally predose tacrolimus concentrations were available for model development. Therefore, a
previously published model was employed to inform the estimation of some
pharmacokinetic parameters of the model. Subsequently, the model was externally
evaluated using the Bayesian forecasting approach to mimic clinical practice. To the best
of my knowledge, this is the first population pharmacokinetic model to comprehensively
describe tacrolimus pharmacokinetics in heart transplant recipients, considering the
clinically significant tacrolimus-azole antifungal interaction, over one-year posttransplant.

This manuscript is currently under review:
Kirubakaran R, Uster DW, Hennig S, Carland JE, Day RO, Wicha SG, et al. Adaptation of a
population pharmacokinetic model to inform tacrolimus therapy in heart transplant
recipients [submitted 31 August 2021].
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I have presented this work at one national symposium, two national conferences and
four international conferences:
1.

Kirubakaran R, Uster DW, Hennig S, Carland JE, Day RO, Wicha SG, et al. A population
pharmacokinetic model to inform tacrolimus therapy in heart transplant recipients.
Oral Presentation, Australasian Pharmaceutical Science Association (APSA) Annual
Conference, 6 − 8 December 2021.

2.

Kirubakaran R, Uster DW, Hennig S, Carland JE, Day RO, Wicha SG, et al. A population
pharmacokinetic model to inform tacrolimus therapy in heart transplant recipients.
Oral and Poster Presentation, Australasian Society of Clinical and Experimental
Pharmacologists and Toxicologists (ASCEPT) Virtual Annual Scientific Meeting, 29
November – 2 December 2021.

3.

Kirubakaran R, Uster DW, Hennig S, Carland JE, Day RO, Wicha SG, et al. A population
pharmacokinetic model to inform tacrolimus therapy in heart transplant recipients.
Oral Presentation ASCEPT Student Forum Symposium, virtual meeting, 7 October
2021.

4.

Kirubakaran R, Uster DW, Hennig S, Carland JE, Day RO, Wicha SG, et al. A population
pharmacokinetic model to inform tacrolimus therapy in heart transplant recipients.
Poster Presentation, Twelfth American Conference on Pharmacometrics (ACoP12),
virtual meeting, 8−12 November 2021.

5.

Kirubakaran R, Uster DW, Hennig S, Carland JE, Day RO, Wicha SG, et al. A population
pharmacokinetic model to inform tacrolimus therapy in heart transplant recipients.
Poster Presentation, 19th International Congress of Therapeutic Drug Monitoring &
Clinical Toxicology (IATDMCT), virtual meeting, 19−22 September 2021.
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6.

Kirubakaran R, Uster DW, Hennig S, Carland JE, Day RO, Wicha SG, et al. A population
pharmacokinetic model to inform tacrolimus therapy in heart transplant recipients.
Poster Presentation, Population Approach Group Europe (PAGE), virtual meeting,
2−7 September 2021.

7.

Kirubakaran R, Uster DW, Hennig S, Carland JE, Day RO, Wicha SG, et al. Matters
close to the heart: Adaptation of a tacrolimus model to inform therapeutic drug
monitoring using the PRIOR approach. Oral Presentation, Population Approach
Group of Australia & New Zealand (PAGANZ), virtual meeting, 27−29 January 2021.

5.2

Abstract

Background and Objective. Existing tacrolimus population pharmacokinetic models are
unsuitable for guiding tacrolimus dosing in heart transplant recipients. This study aimed
to develop and evaluate a population pharmacokinetic model for tacrolimus in heart
transplant recipients that considers the tacrolimus-azole antifungal interaction.
Methods. Data from heart transplant recipients (n=87) administered the oral
immediate-release formulation of tacrolimus (Prograf®) were collected. Routine drug
monitoring data, principally trough concentrations, were used for model building
(n=1100). A published tacrolimus model was used to inform the estimation of Ka, V2/F,
Q/F, and V3/F. Body weight was implemented as a covariate on CL/F, V2/F, V3/F and Q/F
on an allometry scale. The effect of concomitant azole antifungal use on tacrolimus CL/F
was quantified. Subsequently, stepwise covariate modelling was performed. Significant
covariates influencing tacrolimus CL/F were included in the final model. Robustness of
the final model was confirmed using prediction-corrected visual predictive check
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(pcVPC). The final model was externally evaluated for prediction of tacrolimus
concentrations of the fourth dosing occasion (n=87) from 1−3 prior dosing occasions.
Results. Concomitant azole antifungal therapy reduced tacrolimus CL/F by 80%.
Haematocrit (∆OFV = -33, p<0.001) was included in the final model. The pcVPC of the
final model displayed good model adequacy. One recent drug concentration is sufficient
for the model to guide tacrolimus dosing.
Conclusion. A population pharmacokinetic model that adequately describes tacrolimus
pharmacokinetics in heart transplant recipients, considering the tacrolimus-azole
antifungal interaction was developed. Prospective evaluation is required to assess its
clinical utility to improve transplant recipient clinical outcomes.

5.3

Introduction

Tacrolimus is the cornerstone immunosuppressant used extensively in most solid-organ
transplant recipients [1], including heart transplants, to prevent graft rejection. Due to
its narrow therapeutic range [2] and considerable pharmacokinetic variability [3-9],
monitoring whole blood trough concentrations is recommended to individualise
tacrolimus therapy [10]. However, the collection of appropriately timed trough
concentrations rarely occurs in clinical settings [11]. This hampers the successful
implementation of trough concentration-guided dosing in routine clinical practice.

Population pharmacokinetic model-based Bayesian estimation presents as an
alternative approach to conventional trough concentrations in guiding tacrolimus
dosing, providing flexible blood sampling schemes [10]. The Bayesian approach utilises
a population pharmacokinetic model together with patient-specific information and at
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least one drug concentration to estimate individual patient pharmacokinetic parameters
[12-14]. From this, an optimal drug dose predicted to achieve target drug concentration
can be identified. Implementation of the Bayesian approach to support decision-making
in clinical practice has been shown to improve the attainment of target tacrolimus
concentrations in renal and liver transplant recipients in the early post-transplantation
period [15-17].

Prior to implementing the Bayesian approach in routine clinical practice, a suitable
population pharmacokinetic model is required. External evaluation of existing
population pharmacokinetic models using data from the patient population in which it
is intended to be used is performed to identify the most suitable model to facilitate dose
individualisation [18]. Evaluation of a number (n=19) of existing tacrolimus models
developed from various solid organ transplant recipient populations in heart transplant
recipients resulted in poor predictive performances (bias, imprecision, and visual
predictive checks) [19]. Consequently, none of the 19 models was suitable in guiding
tacrolimus dosing decisions in adult heart transplant recipients [19]. It is well known that
concomitant azole antifungal therapy alters tacrolimus pharmacokinetics substantially
[20-24] necessitating dose adjustments [20, 24-32]. Despite this, only one [33] of these
models had accounted for concomitant azole antifungal use on tacrolimus
pharmacokinetics. Given institutional guidelines recommend the use of concomitant
azole antifungal therapy for the first six months post-heart transplantation, a model that
describes tacrolimus pharmacokinetics both in the presence and absence of
concomitant azole antifungal therapy is required.
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This study aimed to (1) develop a population pharmacokinetic model for tacrolimus in
heart transplant recipients, considering the drug-drug interaction with azole antifungals
and (2) externally evaluate the model using the Bayesian approach.

5.4

Methods

5.4.1 Subjects and data collection
Subjects who underwent heart transplant surgery between January 1, 2017 and
December 31, 2018 at St. Vincent’s Hospital Sydney (SVHS) and were administered the
oral immediate-release formulation of tacrolimus, Prograf® (Astellas, Macquarie Park,
Australia) were included. This study was approved by the local governance and SVHS
Human Research Ethics Committee (LNR/18/SVH/178). A waiver of consent was
received due to the retrospective nature of this study.

Data collected retrospectively from electronic and paper medical records included
transplant recipient demographics (age, sex, weight, and height), days post-transplant
(a value of 1 corresponds to the first day after transplantation), comorbidities (diabetes
mellitus and cystic fibrosis), concomitant medications (basiliximab, mycophenolate,
corticosteroids, and azole antifungals), tacrolimus dosing and monitoring history (dosing
regimen, dose administration times, tacrolimus concentrations and time of sample
collection), days of tacrolimus therapy and laboratory investigations (haematocrit,
serum creatinine concentration, albumin, aspartate aminotransferase and alkaline
phosphatase). Creatinine clearance was calculated using the Cockcroft-Gault formula
[34]. Data were collected for each heart transplant recipient, from immediately post-
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transplantation up to approximately 1-year post-transplantation (i.e., included both
inpatient and outpatient data).

Covariates with time-dependent values (weight, haematocrit, serum creatinine
concentration, creatinine clearance, albumin, aspartate aminotransferase, and alkaline
phosphatase) were updated for each recorded tacrolimus concentration. These
covariates, if missing at any time point (5% of the data), were inputted as the last
observation carried forward for a maximum time of 1 month.

In the inpatient setting, the time of tacrolimus administration was obtained from the
electronic medication management system. In the outpatient setting, the time of
tacrolimus administration was assumed to be 8.00 am and 8.00 pm. Full compliance with
tacrolimus dosing was presumed unless the missed dose was recorded. Full compliance
was considered reasonable as pharmacists intensively counsel transplant recipients on
the timing of tacrolimus administration and the importance of adherence to
immunosuppressive therapies. The time of the last administered tacrolimus dose before
the collection of a blood sample for the measurement of tacrolimus concentration was
obtained from the pathology request form. When details of tacrolimus dose were not
documented, the last recorded dose was carried forward for a maximum time of 1
month. Under such circumstances, tacrolimus concentrations (5% of the data) were
excluded from analysis as there was uncertainty around tacrolimus dosing information.
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5.4.2 Institutional immunosuppressive and antibiotic protocol for heart transplant
recipients
The dosing and monitoring of the oral immediate-release formulation of tacrolimus and
intravenous (IV) basiliximab in heart transplant recipients have been described
previously [11] (Appendix 10). Pre-operatively, oral mycophenolate mofetil (1.5 g), IV
cephazolin (2 g) and IV methylprednisolone (500 mg) were administered. Postoperatively, IV cephazolin 2 g (2 doses; 8 hours apart) and IV methylprednisolone 125
mg (3 doses; 8 hours apart) were administered. This was followed by maintenance oral
prednisolone 1 mg/kg administered in 2 divided doses, tapered down by 5 mg every day
to 0.20 mg/kg/day, with a complete cessation by month 3 post-transplant. The tapering
of prednisolone doses also depended on the endomyocardial biopsy results. The
maintenance (oral/IV) mycophenolate mofetil 1 g was administered every 12 hours.

5.4.3 Bioanalytical method
Whole blood tacrolimus concentrations were measured by ultra-high performance
liquid chromatography-tandem mass spectroscopy (UHPLC-MS/MS) assay. The assay
range was between 2 and 50 µg/L, with an intra-assay coefficient of variation (CV) <8.5%
and inter-day CV <10%. Tacrolimus concentrations obtained from external pathology
services (5% of the data) were excluded from analysis because the bioanalytical
techniques used were unknown.

5.4.4 Ethnicity and genotyping
Ethnicity (White [Caucasian]/ Black/ Asian) and genotype information (Cytochrome
P450 (CYP) 3A5*3 (rs776746), CYP3A4*22 (rs35599367) and ABCB1 (ATP Binding
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Cassette Subfamily B Member 1; encodes P-glycoprotein; rs1045642; C3435T)) were
collected prospectively. Heart transplant recipients who were alive at the time of the
study were approached, and consent was obtained from those who agreed to
participate. This prospective study was approved by the local governance and SVHS
Human Research Ethics Committee (2020/ETH00679).

Genomic DNA was extracted from buccal swabs using the Applied Biosystems DNA
Multi-sample Ultra Kit on the Kingfisher 96 instrument (Thermo Fisher Scientific,
Waltham MA, USA) and was stored at 4°C until analysis. Genotypes of CYP3A5*3,
CYP3A4*22 and ABCB1 were identified using specific Taqman Real Time PCR assays on
a Quantstudio 6 K instrument (Thermo Fisher Scientific).

For transplant recipients for whom the genotype information was unavailable (49% of
the cohort), the most common polymorphism among Caucasians was assumed as the
majority self-identified as Caucasian. Specifically, CYP3A5 genotype was assigned to
CYP3A5*3/*3, CYP3A4 allele to CYP3A4*1, and ABCB1 C3435T genotype to CT.
Transplant recipients for whom ethnicity information was unavailable (49% of the
cohort), were assumed to be Caucasian.

5.4.5 Population pharmacokinetic modelling
Pharmacokinetic analysis was performed using nonlinear mixed-effects modelling
software NONMEM® (version 7.4.3; ICON Development Solutions, Ellicott City, MD,
USA). The first-order conditional estimation method with interaction (FOCE+I) was
employed. Tacrolimus concentrations below the limit of quantification of the assay (4%
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of the data, 41/1141) were excluded from the analysis. The remaining tacrolimus
concentrations were used to estimate the pharmacokinetic parameters as if the
concentrations came from a full distribution (Method 1) [35]. Data handling,
visualisation and statistics were performed in R software (version 3.6.1; R Foundation
for Statistical Computing; http://www.R-project.org).

The model building dataset consisted of data collected from heart transplant recipients
in 2018 (n=47). The external evaluation dataset consisted of data collected from heart
transplant recipients in 2017 (n=40). Only pre-dose, principally trough concentrations
collected from routine drug monitoring were available for model building and external
evaluation. The availability of limited drug concentrations over a dosing interval (at most
one tacrolimus concentration over a dosing interval was available) may not support the
estimation of all pharmacokinetic parameters during model building. Therefore, the
PRIOR approach (PRIOR subroutine in NONMEM®) [36] was employed to support or
stabilise the estimation of some pharmacokinetic parameters of the model using values
from a published model. This approach not only provides an opportunity to generalise
the use of published models in clinical practice but has been shown to improve the
predictive performance of the model [37].

5.4.5.1 Model building (Figure 19)
Selection of published model
The published two-compartment linear model with first-order oral absorption by Sikma
et al. [38] was selected as the prior model. This model was selected because it was
developed using data from thoracic transplant recipients (n=30) and did not include
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covariates, reducing the complexity of the model. The model was developed using
intensive sampling pharmacokinetic data (10 tacrolimus concentration-time points over
the 12 hours dosing interval). Details of concomitant azole antifungal use were not
provided in the publication.

Published model
• Implemented body weight on CL/F
and Q/F with an allometric
coefficient of 0.75, V2/F and V3/F
with an allometric coefficient of 1.
• Quantified the effect of concomitant
azole antifungal on tacrolimus CL/F.
Updated model
• Identification of outliers.
• Stepwise covariate modelling.
• Suitable covariate included in the
final model.
Final model

External evaluation (Bayesian approach)

Figure 19. Flow chart of the modelling approach.
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Updated model
The published model by Sikma et al. [38] was implemented and tested on the model
building dataset using the PRIOR NWPRI subroutine in NONMEM®. Values from the
published model were used to support the estimation of absorption rate constant [Ka],
apparent central volume of distribution [V2/F], apparent intercompartmental clearance
[Q/F], apparent peripheral volume of distribution [V3/F] during model building. The
population average oral bioavailability [F] was fixed to one (1) [38]. All between-occasion
variabilities (BOV) on apparent clearance [CL/F], V2/F, Ka and F reported for the
published model were fixed to zero to reduce model flexibility. The exclusion of BOVs
does not significantly affect model performance if drug concentrations from more than
one dosing occasion are available [39].

Body weight was implemented as a covariate on CL/F and Q/F with an allometric
coefficient of 0.75 as previously reported [40]. Body weight was also implemented as a
covariate on V2/F and V3/F with an allometric coefficient of 1 [40]. Median weight (73.5
kg) reported in the published study [38] was employed for this parameter-covariate
relationship. The published model was extended to quantify the effect of concomitant
azole antifungal therapy on tacrolimus CL/F.

The final stable model with a successful variance-covariance ($COV) step output, lowest
objective function value (OFV), good visual inspection of goodness of fit (GOF) plots and
good predictive ability with prediction-corrected visual predictive check (pcVPC;
stratified based on concomitant azole antifungal use) was selected as the updated
model. This updated model was carried forward to assess for outliers.
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Outliers
Outliers were identified following the development of the updated model using the
absolute value of conditional weighted residuals (CWRES) criteria, |CWRES|>5.
Sensitivity analysis was performed to determine outliers’ influence on tacrolimus
pharmacokinetic parameter estimates. If tacrolimus pharmacokinetic parameter
estimates were similar with and without the inclusion of the outliers, the outliers were
retained in the model building dataset. Otherwise, the outliers were excluded from the
model building dataset. If removal of outliers was required, the updated model with
tacrolimus pharmacokinetic parameters and their variability estimated after the outliers
were removed from the model building dataset was carried forward to the next stage of
covariate analysis.

Inclusions of covariates using stepwise covariate modelling analysis
All biologically plausible covariates (age, ethnicity, days post-transplant, days of
tacrolimus therapy, CYP3A5 genotype, ABCB1 genotype, haematocrit, albumin,
aspartate aminotransferase, and alkaline phosphatase) influencing tacrolimus CL/F were
included for covariate testing. Serum creatinine concentration and creatinine clearance
were excluded as <1% of tacrolimus is renally excreted [41]. Given the small number of
transplant recipients with CYP3A4*1/*22 allele (n=2), CYP3A4 genotype was not tested.
The dose-normalised tacrolimus concentrations were similar across different sex (sex
effect is usually embedded with the total body weight effect) [42-44] and diabetes status
[45] (Figure 20) hence, they were also not tested.
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Figure 20. Dose-normalised tacrolimus concentrations against time after dose in heart
transplant recipients stratified based on sex, diabetes status, ethnicity (White and Asian), ABCB1
genotype (CC, CT, and TT) and CYP3A5 genotype (*1/*1, *1/*3, and 3/*3). Y-axis is on a log10
scale; n = the number of heart transplant recipients.
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The covariates were tested on the updated model for significance on tacrolimus CL/F
using the stepwise covariate modelling (SCM) application in Perl-speaks-NONMEM®
(PsN; version 5.0.0). The model was subjected to a forward inclusion step with a
statistical significance criterion of α = 0.01 and a backward elimination step with a
statistical significance criterion of α = 0.001 (Appendix 11). Categorical covariates were
included using a linear function and continuous covariates using the power function. The
covariate(s) that significantly (p<0.05) reduced the OFV, had successful $COV step
output and for which the parameter-covariate relationship was biologically plausible
were included in the final model. The final model was subjected to visual inspection of
the GOF plots and predictive ability with pcVPC (stratified based on concomitant azole
antifungal use).

Goodness of fit (GOF) plots
Plots of observed concentrations versus population predictions/individual predictions
by the updated and final model were evaluated for randomness around the line of unity.
Plots of CWRES versus time after dose/population predictions were evaluated for
randomness around the zero line.

Prediction-corrected visual predictive check (pcVPC)
The pcVPC was performed using PsN. Graphics, overlaying 5th, median (50th), and 95th
percentiles of the observed tacrolimus concentrations on top of the model-simulated
concentration-time profiles with 95% prediction intervals based on 1,000 simulations
using each model, were generated. If the model adequately describes the data, the 5th,
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50th and 95th percentile of the simulated tacrolimus concentration-time profiles should
overlay with the 5th, 50th and 95th percentile of the observed tacrolimus concentrations.

Shrinkage
If individual random effects (ETA) CL/F of the updated and final model displayed a
reasonable shrinkage value (≤30%), the distribution of ETAs was checked to ensure
normal distribution.

5.4.5.2 External evaluation
The final model was tested on an external evaluation dataset using the Bayesian
approach (MAXEVAL=0). One to three previous dosing occasions for which an observed
tacrolimus concentration was available were used to predict the individual predicted
tacrolimus concentration of the fourth dosing occasion. That is, the (1) third dosing
occasion was used to predict tacrolimus concentration of the fourth dosing occasion, (2)
second and third dosing occasions were used to predict tacrolimus concentration of the
fourth dosing occasion, and (3) first, second and third dosing occasions were used to
predict tacrolimus concentration of the fourth dosing occasion. Of note, tacrolimus
concentrations in the fourth dosing occasion were blinded to the model (MDV=1,
EVID=2). Additionally, a posteriori (general model fit) was performed to determine
model prediction of tacrolimus concentrations in the fourth dosing occasion (not
blinded to the model; MDV=0, EVID=0). A posteriori was performed to determine the
ability of the model to inform about past drug exposure. Regardless of concomitant
azole antifungal use, the prediction of tacrolimus concentrations in the fourth dosing
occasion by the model was performed for (1) all heart transplant recipients in the
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unstable post-transplant period (immediately post-transplant) and (2) those who were
still receiving continuation of care at SVHS in the stable post-transplant period (≥90 days
post-transplant), for each of the evaluation settings described above.

The bias (median percentage predictive error, Equation 1) and imprecision (median
absolute percentage predictive error, Equation 2) were calculated by comparing
individual predicted tacrolimus concentrations of the fourth dosing occasion by the
model to the observed concentrations [46, 47] for each of the evaluation settings.

Bias (%) = Median ∑

(𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑)

Imprecision (%) = Median ∑

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑
| 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑|
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑

× 100

(Equation 1)

× 100

(Equation 2)

A positive or negative bias represents an over- or under-prediction of tacrolimus
concentrations by the model, respectively. Clinically acceptable bias was defined as
within ±20%. The ±20% cut off corresponds to the 80−125% bioequivalence criterion
[48] that suggests differences in systemic drug exposure up to 20% are not clinically
significant. Moreover, the prediction was considered unbiased if the 95% confidence
interval (CI) included zero. Clinically acceptable imprecision was ≤20%. The 95% CI of the
median bias and imprecision was calculated via non-parametric bootstrapping of 1,000
datasets using DescTools package (version 0.99.30) in R software. Model performance
was considered high when bias and imprecision are close to zero.
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5.5

Results

5.5.1 Characteristics of the heart transplant recipients
Data from 87 heart transplant recipients were collected for model building (n=47;
transplant received in 2018) and evaluation (n=40; transplant received in 2017) [Table
15 and 16]. None of the transplant recipients had cystic fibrosis. All heart transplant
recipients received oral itraconazole (200 mg 12-hourly) immediately posttransplantation as prophylaxis against Aspergillus fungal infection. The antifungal
therapy was continued for up to 6 months post-transplantation unless contraindicated
due to deranged liver enzymes. In the model building dataset, during azole antifungal
therapy, eight heart transplant recipients were switched from itraconazole to a different
azole antifungal (fluconazole; n=5, voriconazole; n=3) based on the fungal culture and
sensitivity results.
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Table 15. Heart transplant recipient characteristics on admission and concomitant medications
administered immediately post-heart transplantation.
Characteristics

Median (range)*
Model building

External evaluation

dataset (n=47)**

dataset (n=40)

Male, n (%)

33 (70)

26 (65)

Age (years)

53 (16−70)

56 (16−69)

Weight (kg)

77 (40−107)

75 (45−111)

Height (cm)

175 (154−190)

175 (150−195)

White/Caucasian

19 (40)

23 (58)

Asian

5 (11)

5 (13)

Unknown

23 (49)

12 (30)

16 (34)

13 (33)

*1/*1

1 (2)

0 (0)

*1/*3

7 (15)

9 (23)

*3/*3

16 (34)

20 (50)

Unknown

23 (49)

11 (28)

*1/*1

22 (47)

27 (68)

*1/*22

2 (4)

2 (5)

23 (49)

11 (28)

Extensive metabolisers

8 (17)

7 (18)

Intermediate metabolisers

14 (30)

22 (55)

2 (4)

0 (0)

23 (49)

11 (27)

CC

5 (11)

7 (17)

CT

12 (25)

16 (40)

TT

7 (15)

6 (15)

Unknown

23 (49)

11 (28)

0.26 (0.21−0.38)

0.28 (0.21−0.37)

Ethnicity, n (%)

Diabetes mellitus, n (%)
CYP3A5 (rs776746), n (%)

CYP3A4 (rs35599367), n (%)

Unknown
CYP3A phenotype∆

Poor metabolisers
Unknown
ABCB1 (rs1045642), n (%)

Haematocrit (fraction)∆∆
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Albumin (g/L)∆∆

34 (20−43)

36 (30−45)

131 (39−276)

111 (70−293)

Creatinine clearance (mL/min)∆∆

63 (25−172)

64 (30−151)

Aspartate aminotransferase (U/L)∆∆

57 (14−1390)

87 (18−305)

Alkaline phosphatase (U/L)∆∆

56 (31−249)

48 (21−143)

Mycophenolate mofetil

47 (100)

40 (100)

Corticosteroid

47 (100)

40 (100)

Basiliximab⌂

40 (85)

31 (78)

47 (100)

40 (100)

Serum creatinine concentration
(µmol/L)∆∆

Concomitant immunosuppressants, n
(%)

Concomitant azole antifungal, n (%)
Itraconazole

Creatinine clearance was calculated using the Cockcroft-Gault formula [34].
*Data are presented as median (range) unless otherwise stated.
**One transplant recipient had a history of solid organ transplantation.
∆

CYP3A phenotype: poor metabolisers (CYP3A4*22 carriers with the CYP3A5*3/*3 genotype),

intermediate metabolisers (CYP3A4*22 non-carriers with the CYP3A5*3/*3 genotype or
CYP3A4*22 carriers with the CYP3A5*1/*1 genotype), and extensive metabolisers (CYP3A4*22
non-carriers and CYP3A5*1 carriers).
∆∆

Just before the first tacrolimus dose.

⌂

Intravenous basiliximab was administered as an induction therapy on the day of operation and

day 4 post-transplantation to heart transplant recipients with renal impairment (to delay the
commencement of tacrolimus) or those who received mechanical circulatory support (left
ventricular, biventricular assist devices or total artificial hearts).
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Table 16. Heart transplant recipient CYP3A4, CYP3A5 and ABCB1 genotypes stratified based on
ethnicity.
Dataset

Ethnicity

Model

Asian*

building

(n=5)
White/

CYP3A5

CYP3A4

ABCB1

*3/*3

*1/*3

*1/*1

*1/*1

*1/*22

CC

CT

TT

1

3

1

5

0

2

3

0

15

4

0

17

2

3

9

7

5

0

0

5

0

0

4

1

15

8

0

21

2

7

11

5

Caucasian
(n=19)
External

Asian**

evaluation

(n=5)

∆

White/
Caucasian
(n=23)

*South-East Asian (n=1), North-East Asian (n=3), Southern and Central Asian (n=1).
**South-East Asian (n=1), North-East Asian (n=2), Southern and Central Asian (n=2).
∆

Ethnicity was not available for one transplant recipient with genotype information.

5.5.2 Model building dataset
A total of 1100 tacrolimus concentrations, including 759 with concomitant azole
antifungal (itraconazole=715, voriconazole=23, fluconazole=21) and 341 without
concomitant azole antifungal, collected between 2- and 391-days post-heart
transplantation were used for model building. Most (58%; 643/1100) tacrolimus
concentrations were collected in the outpatient setting with the remaining
concentrations obtained whilst an inpatient. The median (range) number of tacrolimus
concentrations collected per transplant recipient was 21 (1−61). The median (range)
time after tacrolimus dose administration was 12.6 (6.05–93.62) hours.
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The median (range) tacrolimus dose administered by heart transplant recipients while
receiving concomitant azole antifungal therapy was 0.50 mg 12-hourly (0.05 mg to 8.00
mg 12-hourly) and without concomitant azole antifungal therapy was 3.00 mg 12-hourly
(0.25 mg to 12.00 mg 12-hourly). Dose-normalised tacrolimus concentrations were
higher when transplant recipients were receiving concomitant azole antifungal therapy
(Figure 21).

Figure 21. Dose-normalised tacrolimus concentrations against time after dose in heart
transplant recipients (n=47), with concomitant azole antifungal therapy (759 tacrolimus
concentrations) and without concomitant azole antifungal therapy (341 tacrolimus
concentrations). Y-axis is on a log10 scale. The infrequent drug monitoring 6 months posttransplant, transfer of care to other healthcare facilities, conversion to the extended-release
formulation of tacrolimus, and death explains the reduced number of tacrolimus concentrations
available for analysis for the period of study following the cessation of azole antifungal therapy.
The delay in tacrolimus concentration collection up to 16 hours after the last administered dose
was due to the busy clinical environment and critical condition of heart transplant recipients.
Some tacrolimus doses were withheld due to supratherapeutic tacrolimus concentration(s) or
acute kidney injury. Due to these clinical conditions, tacrolimus concentrations are monitored
daily until the condition resolves, explaining the reported time after tacrolimus dose of greater
than 16 hours.
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5.5.3 Population pharmacokinetic analysis
5.5.3.1 Outliers
Only one tacrolimus concentration had a |CWRES|>5 (Appendix 12). The exclusion of
this concentration did not influence tacrolimus pharmacokinetic parameter estimates
(Appendix 13). Consequently, this tacrolimus concentration was retained in the model
building dataset.

5.5.3.2 Identification of significant covariates following stepwise covariate modelling
analysis
Haematocrit was identified as a covariate influencing tacrolimus CL/F with an OFV
reduction of 33 (degree of freedom = 1, p=1.44E-14) [Table 17]. The inverse correlation
between haematocrit and tacrolimus CL/F (-0.89) was biologically plausible and was
included in the final model.
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Table 17. Pharmacokinetic parameter estimates and covariate relationships of the published,
updated, and final population pharmacokinetic model for tacrolimus in heart transplant
recipients.
Parameter
Unit
Published model∆
Updated model∆
Final model∆
Population mean estimate (RSE)
-1
Ka
h
0.579 (78%)
0.282 (15%)
0.273 (14%)
F
1*
1*
1*
V2/F
L
231 (41%)
231 (0%)
231 (0%)
CL/F (without
L/h
19.6 (48%)
16.4 (13%)
18.6 (14%)
azole)
CL/F (with azole)
L/h
3.6 (12%)
3.7 (13%)
Q/F
L/h
58.2 (47%)
58.1 (1%)
58.1 (1%)
V3/F
L
521 (52%)
521 (0%)
521 (0%)
Haematocrit effect
on CL/F
BSV CL/F (without
azole)
BSV CL/F (with
azole)
BOV CL/F
BOV Ka
BOV F
BOV V2/F
Proportional RUV

Exponential RUV

-

-

-

-0.89 (17%)

CV (RSE)[shrinkage]
78.7 (16%)[25%]

83.1 (17%)[24%]

%

35.7 (99%)

%

-

93.0 (12%)[8%]

97.0 (12%)[8%]

%
%
%
%
%
%

30.2 (86%)
127.6 (57%)
59.4 (40%)
36.2 (84%)
14 (13%)
-

0*
0*
0*
0*
46 (2%)

0*
0*
0*
0*
46 (2%)

OFV
-420
-453
Conditional
1.5
1.7
number
The approximate percentage coefficient of variation (CV) was reported as (√exp(omega) 2–
1)*100.
*Fixed value.
∆
Published model: Model by Sikma et al. [38]. Updated model: Final stable model after the
inclusion of the effect of concomitant azole antifungal use and body weight on tacrolimus
pharmacokinetics. Final model: Final stable model after the inclusion of haematocrit following
stepwise covariate modelling.
BSV Between-subject variability; BOV Between-occasion variability; CL/F Apparent clearance; F
Bioavailability; Ka Absorption rate constant; OFV Objective function value; Q/F Apparent
intercompartmental clearance; RSE Relative standard error; RUV Residual unexplained
variability; V2/F Apparent central volume of distribution; V3/F Apparent peripheral volume of
distribution.
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5.5.3.3 Final model
The pharmacokinetic parameter estimates of the final model were similar to the values
of the published model except for Ka (0.579 vs. 0.273 h-1; published vs. final model)
[Table 17]. Body weight was successfully implemented as a covariate on CL/F, Q/F, V2/F
and V3/F based on the reported allometry scale [40]. Concomitant azole antifungal
therapy reduced tacrolimus CL/F by 80%. Between-subject variability (BSV) on CL/F was
estimated both with (97%) and without azole antifungal therapy (83%). The BSV on CL/F
displayed a reasonable shrinkage value (<25%). The ETA (BSV) CL/F distribution without
concomitant azole antifungal therapy of the final model was minimally skewed
(Appendix 14). An exponential residual unexplained variability (RUV, 46%) best
described residual variability. Comparison of the observed and individual predicted
tacrolimus concentrations by the final model (including the updated model) did not
show significant misspecification or bias (Appendix 12). The pcVPC plots showed a good
model fit to the dataset (Figure 22). The final tacrolimus model pharmacokinetic
parameter estimates and covariate relationships (Appendix 15) are described below:
CL/F = 18.6 * (WT/73.5)0.75 * (HCT/0.31)-0.89 L/h (without concomitant azole antifungal)
CL/F = 3.7 * (WT/73.5)0.75 * (HCT/0.31)-0.89 L/h (with concomitant azole antifungal)
V2/F = 231 * (WT/73.5) L
Q/F = 58.1 * (WT/73.5)0.75 L/h
V3/F = 521 * (WT/73.5) L
HCT Haematocrit; WT Body weight.
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Figure 22. Prediction-corrected visual predictive check (pcVPC) plots for the updated
and final population pharmacokinetic model for tacrolimus. Y-axis is on a log10 scale.
The median observed (solid red line) and predicted (solid black line), 5th and 95th
percentiles of the observations (dashed red line), corresponding prediction percentiles
(dashed black line) and 95% prediction intervals for the predicted percentiles (grey
band) are shown. The vertical dashes at the bottom of the plots separate the bins.
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5.5.3.4 External evaluation
The external evaluation dataset included 40 heart transplant recipients and 348
tacrolimus concentrations (87 concentrations for each of the four dosing occasions)
collected between 2- and 254-days post-heart transplantation. The final model
demonstrated clinically acceptable individual predicted tacrolimus concentrations of
the fourth dosing occasion relative to the observed concentrations irrespective of posttransplantation periods (stable/unstable) and number (1−3) of prior dosing occasions
(Figure 23, Appendix 16, Appendix 17, and Appendix 18). Regardless of the number of
prior dosing occasions (1−3), the bias of the individual predicted tacrolimus
concentration of the fourth dosing occasion relative to the observed concentrations
ranged from -1.3% to 0.6% and the 95% CI of bias included zero (Figure 23). The
imprecision ranged between 11% and 13%. With the inclusion of tacrolimus
concentrations in the fourth dosing occasion (a posteriori), model prediction of the
fourth dosing occasion relative to the observed concentrations was clinically acceptable
[bias: 0.4% (95% CI: -2.79 to 4.61); imprecision: 9.4% (95% CI: 5.92 to 11.47)].
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Figure 23. The bias and imprecision of the individual predicted tacrolimus
concentrations of the fourth dosing occasion by the final tacrolimus population
pharmacokinetic model relative to the observed concentrations (40 transplant
recipients, 87 dosing occasions were predicted across stable and unstable posttransplantation periods). The panel on the left shows the median bias and its 95% CI.
The panel on the right shows the median imprecision and its 95% CI. A priori model
prediction based on population pharmacokinetic parameter estimates, covariates, and
dosing information; A posteriori model prediction based on the inclusion of tacrolimus
concentrations in the fourth dosing occasion; OCC3_4 Third dosing occasion was used
to predict tacrolimus concentration of the fourth dosing occasion; OCC23_4 Second and
third dosing occasions were used to predict tacrolimus concentration of the fourth
dosing occasion; OCC123_4 First, second and third dosing occasions were used to
predict tacrolimus concentration of the fourth dosing occasion.

233

Chapter 5

5.6

Discussion

A previously published tacrolimus population pharmacokinetic model provided a
platform to establish a model for use in heart transplant recipients, considering the
drug-drug interaction with azole antifungals. The model developed included important
time-varying covariates such as body weight and haematocrit. External evaluation using
the Bayesian approach indicated one recent tacrolimus concentration is sufficient for
the model to adequately predict an individual’s tacrolimus pharmacokinetic parameters.
Overall, the model is suitable to guide tacrolimus dosing decisions in heart transplant
recipients. To the best of our knowledge, this is the first population pharmacokinetic
model to comprehensively describe tacrolimus pharmacokinetics in heart transplant
recipients, considering the clinically significant tacrolimus-azole antifungal interaction,
over one-year post-transplantation.

Only pre-dose tacrolimus concentrations were available for model building. These data
are suitable to describe the elimination phase of tacrolimus but not the absorption or
distribution phase. Therefore, tacrolimus CL/F was estimated independently from the
published model. The estimated CL/F (without concomitant azole antifungal therapy) of
the final model, 0.25 L/h/kg was similar to that reported previously [33, 49] in heart
transplant recipients (0.21−0.22 L/h/kg). Although a prior value for Ka was implemented,
the estimated Ka of the final model differed from the published model. The reason for
this is unclear as ideally, the values should be similar. The exponential RUV was high
(46%). This reflects the use of tacrolimus concentrations obtained from routine clinical
monitoring as opposed to prospective studies where drug administration and blood
sample collection is protocolised. Further, given that all BOVs were fixed to zero, any
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variability in these values was distributed to BSV on CL/F and exponential RUV. Given
that the oral bioavailability of tacrolimus is highly variable (5−93%) [50, 51], the BSV on
tacrolimus CL/F could potentially reflect variability in bioavailability rather than CL [44,
52]. Limited tacrolimus concentrations were available following intravenous tacrolimus
administration, hence the BSV in CL and bioavailability could not be separated.

Biologically plausible relationships between tacrolimus concentrations and (1) body
weight and (2) concomitant azole antifungal use were incorporated in the updated
model prior to performing SCM. The CL/F, Q/F, V2/F and V3/F are all weight-dependent
pharmacokinetic parameters and therefore, body weight was included in the model
based on the reported allometry scale [40]. For heavier individuals, there is an increase
in extracellular fluid and they have a larger body surface area available for drug
distribution [53].

Azole antifungals have demonstrated a clinically significant pharmacokinetic interaction
with tacrolimus [21, 22, 25-29]. There is no standard practice for adjusting tacrolimus
doses upon initiation or cessation of concomitant azole antifungal therapy [30]. One
should be cautious when (1) initiating azole antifungal therapy as systemic tacrolimus
concentrations may increase profoundly, leading to toxicity and (2) withdrawing azole
antifungals as tacrolimus concentrations may decrease rapidly, leading to acute graft
rejection. Considering this significant drug-drug interaction, the effect of concomitant
itraconazole was quantified on tacrolimus CL/F. The reduction of tacrolimus CL/F by 80%
(BSV with concomitant azole antifungal therapy = 97% vs. without concomitant azole
antifungal therapy = 83%) is consistent with a previous study suggesting a 70-80%
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tacrolimus dose reduction is required when initiating itraconazole [20]. The estimated
CL/F with concomitant itraconazole therapy of the final model was 0.05 L/h/kg. This is
lower than that reported previously in heart transplant recipients receiving concomitant
voriconazole (0.08 L/h/kg) and or fluconazole (0.13 L/h/kg) [33]. This difference is
consistent with the potency of inhibition of CYP3A4 enzymes and P-glycoproteins where
itraconazole is a more potent inhibitor, followed by voriconazole and then, fluconazole
[31, 54-56]. Of note, although tacrolimus concentrations obtained during concomitant
fluconazole and voriconazole were included during model building, these drugs were coadministered briefly (not as prophylaxis therapy) and accounted for only 3% of
tacrolimus concentrations. Hence, the inclusion of this pharmacokinetic data is unlikely
to influence the reported tacrolimus pharmacokinetic parameter values.

Consistent with a recent review [18], haematocrit was found to be an important clinical
determinant of tacrolimus CL/F. The correlation quantified (-0.89) was congruent with
the value reported in a recent model developed using data from lung transplant
recipients (-0.87) [57]. There is an inverse correlation between haematocrit and
tacrolimus CL/F. In blood, tacrolimus is extensively bound to erythrocytes (85−95%) [1,
58]. If the haematocrit concentration is low, a reduced fraction of tacrolimus is bound
to erythrocytes, enabling the drug to be readily metabolised by the liver [59, 60]. Hence,
tacrolimus CL/F will be higher when haematocrit concentrations are low and vice-versa.
Days post-transplant was not identified as a significant covariate despite previous
studies [18] identifying this as an important time-varying covariate influencing
tacrolimus CL/F. This finding is likely because the effect of days post-transplant is
confounded by haematocrit as haematocrit concentrations vary over time. Interestingly,
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although tacrolimus is predominantly metabolised by the liver, hepatic impairment
(assessed by aspartate aminotransferase and alkaline phosphatase concentrations) was
not identified as a significant covariate. This is despite the large range of aspartate
aminotransferase and alkaline phosphatase concentrations reported. By contrast, either
aspartate aminotransferase or alkaline phosphatase was included as a covariate
affecting tacrolimus CL/F in some models developed from kidney and liver transplant
recipients [3, 4, 61-67]. Ethnicity, CYP3A5 genotype, CYP3A4 genotype, and ABCB1
genotype are known to influence tacrolimus CL/F [10, 18, 61, 68]. Appropriate
distribution of these variables within the population is important to accurately describe
the final ethnicity/allele variant relationship to pharmacokinetic endpoints in a model
[44]. Ethnicity, CYP3A5 genotype, and ABCB1 genotype data were unavailable in
approximately 50% of the heart transplant recipients used for model building. This could
have influenced the selection of covariates during SCM. Given the small number of
transplant recipients with CYP3A4*1/*22 allele (n=2), CYP3A4 genotype was unable to
be tested as a covariate. Prednisolone doses were not well documented in the clinical
notes. Given that steroids are known to induce CYP3A and ABCB1 expression [69, 70], it
would have been valuable to assess the influence of this covariate on tacrolimus
pharmacokinetics.

The population pharmacokinetic model-based Bayesian estimation recommends an
optimal drug dose regimen following estimation of individual pharmacokinetic
parameters using patient-specific characteristics (covariates) and drug concentration(s).
Generally, drug concentration data are more informative than covariate data to enable
a model to accurately predict individual pharmacokinetic parameters [12, 37, 71].
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Consistent with this, model predictions improved with at least one tacrolimus
concentration relative to no drug concentration (a priori) included in the model. Given
that tacrolimus displays large pharmacokinetic variability, it is essential to include at
least one tacrolimus concentration into the model to facilitate dose individualisation.
Consistent with a recent study in hematopoietic stem cell transplant recipients [72], the
present study suggests one recent tacrolimus concentration (obtained within 1−37 days)
is sufficient for the model to accurately guide tacrolimus dosing. The requirement for a
recent concentration also reflects the variation in tacrolimus pharmacokinetics over
time. Using a recent tacrolimus concentration to predict individual pharmacokinetic
parameters prevents the introduction of bias from BSV from additional historical drug
concentrations [73]. Consequently, the number or frequency of tacrolimus
concentration collection does not influence the accuracy of model prediction. This
suggests that once transplant recipients are stable, less frequent monitoring of
tacrolimus is acceptable if the model is used as an adjunct to inform tacrolimus dosing
decisions.

5.7

Limitations

Due to the retrospective nature of the study, the time of tacrolimus administration in
the outpatient setting cannot be guaranteed. This may impact the accuracy of data used
for model building and evaluation.

5.8

Conclusions

A population pharmacokinetic model for tacrolimus in heart transplant recipients was
successfully developed. The model incorporated the effects of body weight,
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concomitant azole antifungal use, and haematocrit on tacrolimus pharmacokinetics.
Mimicking clinical practice, the model was able to accurately predict individual
tacrolimus pharmacokinetic parameters throughout the first-year post-heart
transplantation. One recent tacrolimus concentration is sufficient for the model to
inform tacrolimus dosing decisions suggesting less frequent monitoring in stable heart
transplant recipients is possible. Prospective evaluation is required to access the clinical
utility of the model to guide tacrolimus dose individualisation in heart transplant
recipients and the potential impact of this approach on not only the attainment of target
drug exposure but also the incidence of tacrolimus toxicity and/or organ rejection.

5.9

Key points

• A model that comprehensively described tacrolimus pharmacokinetics in heart
transplant recipients, considering tacrolimus-azole antifungal interaction, over oneyear post-transplantation was developed.
• The model was externally evaluated and is suitable to facilitate dose individualisation
in heart transplant recipients using one recent tacrolimus concentration.
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Appendices
Appendix 10. Institutional tacrolimus dosing and monitoring guidelines for post-heart transplant
recipients.
Dosing
Formulation
Initial dose
Maintenance dose

Estimated glomerular
filtration rate (eGFR) <60
mL/min/1.73 m2
Monitoring
Initial dose

Oral
0.5 mg (fixed test dose)

Intravenous*
0.015 mg/kg/day infused
over 24 hours.
Administered 12-hourly.
Administered as a
Dose adjusted based on
continuous infusion over 24
steady-state** trough
hours. Dose adjusted based
concentration(s) and
on steady-state tacrolimus
transplant recipient’s overall concentration(s) and
clinical assessment.
transplant recipient’s overall
clinical assessment.
Delay commencement of initial dose until eGFR is
≥60 mL/min/1.73 m2.

Check trough concentration.

Check steady-state
tacrolimus concentration.
Maintenance dose
Check trough concentration
Check steady-state
at steady-state**, frequency tacrolimus concentration
of monitoring based on
twice weekly or based on
transplant recipient’s overall transplant recipient’s overall
clinical assessment.
clinical assessment.
Therapeutic range of trough
8−12 µg/L (day 1 – day 7)
concentration
10−15 µg/L (day 8 − 3 months)
(Time post-transplant)***
8−12 µg/L (>3 − 12 months)
6−8 µg/L (>12 months)
*In Australia, intravenous tacrolimus is licensed to be administered only as a continuous infusion
and not to be administered as a bolus, intermittent, or short infusion [74].
**At least 48 hours after initiation of maintenance therapy or any dose adjustment.
***To achieve the same drug exposure, the drug concentration targeted while a transplant
recipient is on continuous infusion of tacrolimus will be higher than the drug concentration
targeted while a transplant recipient receives the oral twice-daily dosing. In our institute,
clinicians target at least the higher end of the therapeutic range specified in the guideline table
if a transplant recipient receives an intravenous infusion.
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Appendix 11. Stepwise covariate modelling (SCM) file

model=run003.mod
directory=scm_model_base
search_direction=both
p_forward = 0.01
p_backward = 0.001
continuous_covariates = AGE,POD,DST,HCT,ALB,AST,ALP
categorical_covariates = CYP3A5,RACE,ABCB1
time_varying = POD,DST,HCT,ALB,AST,ALP
do_not_drop = AGE,POD,DST,HCT,ALB,AST,ALP,CYP3A5,RACE,ABCB1
missing_data_token = -99
linearize=0
nm_version=default
[test_relations]
CL=POD,CYP3A5,DST,AGE,HCT,ALB,AST,ALP,RACE,ABCB1
[valid_states]
continuous=1,5
categorical=1,2

_______________________________________________________________________
ALB Albumin; ALP Alkaline phosphatase; AST Aspartate aminotransferase; DST Days
starting tacrolimus; HCT Haematocrit; POD Post-operative days.
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Appendix 12. Goodness-of-fit plots of the updated and final population pharmacokinetic
model for tacrolimus. CWRES conditional weighted residuals. Dashed blue lines show
the cut off for |CWRES|>5.
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Appendix 13. Pharmacokinetic parameter estimates and covariate relationships of the
updated tacrolimus population pharmacokinetic model, with and without |CWRES|>5
removed.
Parameter

Unit

With |CWRES|>5

Without |CWRES|>5

Population mean estimate (RSE)
Ka

h-1

0.282 (15%)

0.287 (16%)

F

-

1*

1*

V2/F

L

231 (0%)

231 (0%)

CL/F (without azole)

L/h

16.4 (13%)

16.3 (14%)

CL/F (with azole)

L/h

3.6 (12%)

3.6 (13%)

Q/F

L/h

58.1 (1%)

58.1 (1%)

V3/F

L

521 (0%)

521 (0%)

CV (RSE)[shrinkage]
BSV CL/F (without azole)

%

78.7 (16%)[25%]

79.1 (16%)[24%]

BSV CL/F (with azole)

%

93.0 (12%)[8%]

93.3 (12%)[8%]

BOV CL/F

%

0*

0*

BOV Ka

%

0*

0*

BOV F

%

0*

0*

BOV V2/F

%

0*

0*

Exponential RUV

%

46 (2%)

46 (2%)

OFV

-

-420

-452

Conditional number

-

1.5

1.5

The approximate percentage coefficient of variation (CV) was reported as (√exp(omega) 2–
1)*100.
*Fixed value.
BSV Between-subject variability; BOV Between-occasion variability; CL/F Apparent clearance;
CWRES Conditional weighted residuals; F Bioavailability; Ka Absorption rate constant; OFV
Objective function value; Q/F Apparent intercompartmental clearance; RSE Relative standard
error; RUV Residual unexplained variability; V2/F Apparent central volume of distribution; V3/F
Apparent peripheral volume of distribution.
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Appendix 14. Individual random effects (ETA) distribution for apparent tacrolimus
clearance (CL/F) of the updated and final population pharmacokinetic model for
tacrolimus stratified based on concomitant azole antifungal use. The histogram shows
the ETA distribution of the heart transplant recipients (n=47) and the solid blue line is
the loess smooth curve for the histogram. Theoretical ETA distribution based on the
model is depicted by the solid red line.

251

Chapter 5

Appendix 15. NONMEM code of the final model
$SIZES PD=-1000 LVR=-150 LTH=-200
$PROBLEM HTX_2018
$ABBREVIATED DERIV2=NO
$INPUT COMB ID TIME TIMEC DST POD DUR AMT AMTT DV BLQ OCC MDV EVID CMT SEX RACE
AGE HT WT HCT SCR CLCR ALB AST ALP CYP3A5 CYP3A4 CLUSTER ABCB1 DM AZOLE AZOLET
AZOLED
$PRIOR
$DATA

NWPRI
NONMEM_HTX_COMBINE_LN.csv
IGNORE=#
IGNORE=(AMTT.EQ.1,AMTT.EQ.4, BLQ.EQ.1)
$SUBROUTINE ADVAN4
$PK
;------DOSE----------------------------------------------------IF(NEWIND.LE.1)THEN
DOSE=0
DOSEMK=0
ENDIF
IF(AMT.GT.0)DOSE=AMT
IF(AMT.GT.0)DOSEMK=AMT/WT
IF(AMT.GT.0)TDOSE=TIME
TAD=TIME-TDOSE
;------ BOV--------------------------------------------------------IF(OCC.EQ.1) BOVCL=ETA(2)
IF(OCC.EQ.2) BOVCL=ETA(3)
IF(OCC.EQ.3) BOVCL=ETA(4)
IF(OCC.EQ.4) BOVCL=ETA(5)
IF(OCC.EQ.5) BOVCL=ETA(6)
IF(OCC.EQ.6) BOVCL=ETA(7)
IF(OCC.EQ.7) BOVCL=ETA(8)
IF(OCC.EQ.8) BOVCL=ETA(9)
IF(OCC.EQ.9) BOVCL=ETA(10)
IF(OCC.EQ.10) BOVCL=ETA(11)
IF(OCC.EQ.11) BOVCL=ETA(12)
IF(OCC.GE.12) BOVCL=ETA(13)
IF(OCC.EQ.1) BOVV2=ETA(14)
IF(OCC.EQ.2) BOVV2=ETA(15)
IF(OCC.EQ.3) BOVV2=ETA(16)
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IF(OCC.EQ.4) BOVV2=ETA(17)
IF(OCC.EQ.5) BOVV2=ETA(18)
IF(OCC.EQ.6) BOVV2=ETA(19)
IF(OCC.EQ.7) BOVV2=ETA(20)
IF(OCC.EQ.8) BOVV2=ETA(21)
IF(OCC.EQ.9) BOVV2=ETA(22)
IF(OCC.EQ.10) BOVV2=ETA(23)
IF(OCC.EQ.11) BOVV2=ETA(24)
IF(OCC.GE.12) BOVV2=ETA(25)
IF(OCC.EQ.1) BOVKA=ETA(26)
IF(OCC.EQ.2) BOVKA=ETA(27)
IF(OCC.EQ.3) BOVKA=ETA(28)
IF(OCC.EQ.4) BOVKA=ETA(29)
IF(OCC.EQ.5) BOVKA=ETA(30)
IF(OCC.EQ.6) BOVKA=ETA(31)
IF(OCC.EQ.7) BOVKA=ETA(32)
IF(OCC.EQ.8) BOVKA=ETA(33)
IF(OCC.EQ.9) BOVKA=ETA(34)
IF(OCC.EQ.10) BOVKA=ETA(35)
IF(OCC.EQ.11) BOVKA=ETA(36)
IF(OCC.GE.12) BOVKA=ETA(37)
IF(OCC.EQ.1) BOVF1=ETA(38)
IF(OCC.EQ.2) BOVF1=ETA(39)
IF(OCC.EQ.3) BOVF1=ETA(40)
IF(OCC.EQ.4) BOVF1=ETA(41)
IF(OCC.EQ.5) BOVF1=ETA(42)
IF(OCC.EQ.6) BOVF1=ETA(43)
IF(OCC.EQ.7) BOVF1=ETA(44)
IF(OCC.EQ.8) BOVF1=ETA(45)
IF(OCC.EQ.9) BOVF1=ETA(46)
IF(OCC.EQ.10) BOVF1=ETA(47)
IF(OCC.EQ.11) BOVF1=ETA(48)
IF(OCC.GE.12) BOVF1=ETA(49)
;--------Population average PK parameters and covariates-----------------HCTCL = ((HCT/0.31)**THETA(10))
NOTUSED=THETA(1)
TVV2 = LOG(THETA(2))
TVKA = LOG(THETA(3))
TVQ = LOG(THETA(4))
TVV3 = LOG(THETA(5))
TVF1 = LOG(THETA(6))
253

Chapter 5

;--------Individual PK parameters, BSV & BOV on the TV parameters--------IF(AZOLE.EQ.0)
CL = (EXP(LOG(THETA(8)))*EXP(ETA(1)+ BOVCL))*((WT/73.5)**0.75)*HCTCL
IF(AZOLE.EQ.1)
CL = (EXP(LOG(THETA(9)))*EXP(ETA(50)+ BOVCL))*((WT/73.5)**0.75)*HCTCL
V2
KA
Q
V3
F1

= (EXP(TVV2)*EXP(BOVV2))*((WT/73.5))
= EXP(TVKA)*EXP(BOVKA)
= (EXP(TVQ))*((WT/73.5)**0.75)
= (EXP(TVV3))*((WT/73.5))
= EXP(TVF1)*EXP(BOVF1)

K = CL/V2
S2 = V2
K23 = Q/V2
K32 = Q/V3
$ERROR
IPRED = LOG(F + 0.000001)
IRES = DV - IPRED
W = THETA(7)
IWRES = IRES/W
Y = IPRED + W*EPS(1)
$THETA
1 FIX ; 1 CL
231 ; 2 V2
0.273 ; 3 KA
58.1; 4 Q
521; 5 V3
1 FIX ; 6 F1
(0,0.442) ; 7 RUV
(0,18.6) ; 8 CL no azole
(0,3.7) ; 9 CL with azole
(-2,-0.888,10) ; 10 HCTCL
; $THETA PRIOR (FIXED)
$THETAP 1 FIX ; 1 CL
$THETAP 231 FIX ; 2 V2
$THETAP 0.579 FIX ; 3 KA
$THETAP 58.2 FIX ; 4 Q
$THETAP 521 FIX ; 5 V3
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;$OMEGA USUAL RECORDS
$OMEGA 0.525 ; BSV CL without azole
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA

BLOCK(1) FIX 0 ;
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME

BOVCL

$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA

BLOCK(1) FIX 0 ;
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME

BOVV2

$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA

BLOCK(1) FIX 0 ;
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME

BOVKA

$OMEGA BLOCK(1) FIX 0 ;
$OMEGA BLOCK(1) SAME
$OMEGA BLOCK(1) SAME

BOVF1
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$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA
$OMEGA

BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME
BLOCK(1) SAME

$OMEGA 0.663 ; BSV CL with azole
;PRIOR THETA VARIANCE
$THETAPV 0
FIX
$THETAPV 0.169178 FIX
$THETAPV 0.603815 FIX
$THETAPV 0.221419 FIX
$THETAPV 0.267910 FIX

;
;
;
;
;

1 CL
2 V2
3 KA
4Q
5 V3

$SIGMA 1 FIX
$ESTIMATION METHOD=1 INTER MAXEVAL=9999 NOABORT SIG=3 PRINT=1 POSTHOC
$COVARIANCE MATRIX=R PRINT=E
$TABLE ID TIME TIMEC TAD DST POD AMT AMTT DOSE DOSEMK DV BLQ OCC MDV EVID CMT
SEX RACE AGE HT WT HCT SCR CLCR ALB AST ALP CYP3A5 CYP3A4 CLUSTER ABCB1 DM AZOLE
AZOLET AZOLED
PRED IPRED CWRES Y IWRES IRES W ETAS(1:LAST)
CL V2 Q V3 KA F1 CLHCT ONEHEADER NOPRINT FILE=alltab005
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Appendix 16. The bias and imprecision of the individual predicted tacrolimus
concentrations of the fourth dosing occasion (n=87; blinded to the model) by the final
population pharmacokinetic model for tacrolimus relative to the observed
concentrations across various evaluation settings.
Bias
Evaluation setting
A priori*
Bayesian prediction (Figure 23)
OCC3_4
OCC23_4
OCC123_4
Bayesian prediction (Appendix
17)
POD 1−89 (n=40)
OCC3_4
OCC23_4
OCC123_4
POD 90−179 (n=31)
OCC3_4
OCC23_4
OCC123_4

%
-2.5

95% CI
-7.98, 8.75

Imprecision
%
95% CI
22.3
16.18, 27.63

-1.3
0.7
0.6

-4.67, 2.54
-3.03, 6.72
-3.44, 5.44

10.6
11.7
12.5

7.48, 13.36
7.87, 15.16
8.39, 16.58

-3.1
-1.6
-1.0

-8.41, 6.72
-6.51, 8.62
-7.19, 7.49

15.5
14.5
15.1

9.56, 21.10
10.32, 18.73
12.18, 21.85

-1.6
-3.3
-1.7

-5.84, 4.54
-7.00, -0.19
-4.64, 1.52

7.1
6.5
7.1

5.45, 10.37
4.66, 8.54
4.71, 10.28

POD ≥180 (n=16)
OCC3_4
6.2
-5.39, 11.68
10.7
4.86, 16.49
OCC23_4
12.9
7.67, 25.33
13.1
6.14, 20.05
OCC123_4
15.9
7.40, 29.85
18.3
8.28, 28.32
A posteriori**
0.4
-2.79, 4.61
9.4
5.92, 11.47
*Model prediction based on population pharmacokinetic parameter estimates, covariates, and
dosing information.
**Model prediction based on the inclusion of tacrolimus concentration in the fourth dosing
occasion.
OCC3_4 Third dosing occasion was used to predict tacrolimus concentration of the fourth dosing
occasion; OCC23_4 Second and third dosing occasions were used to predict tacrolimus
concentration of the fourth dosing occasion; OCC123_4 First, second and third dosing occasions
were used to predict tacrolimus concentration of the fourth dosing occasion; POD Postoperative day.

257

Chapter 5

Appendix 17. The bias and imprecision of the individual predicted tacrolimus
concentrations of the fourth dosing occasion (blinded to the model) by the final
population pharmacokinetic model for tacrolimus relative to the observed
concentrations across three-time points of post-operative days (POD) [POD 1−89 days;
n=40 transplant recipients, POD 90−179; n=31, POD 180−254; n=16]. The panel on the
258

Chapter 5

left shows the median bias and its 95% CI. The panel on the right shows the median
imprecision and its 95% CI. The infrequent drug monitoring 6 months post-transplant,
transfer of care to other healthcare facilities, conversion to the extended-release
formulation of tacrolimus, and death explains the reduced number of drug
concentrations available for analysis for POD ≥180. OCC3_4 Third dosing occasion was
used to predict tacrolimus concentration of the fourth dosing occasion; OCC23_4
Second and third dosing occasions were used to predict tacrolimus concentration of the
fourth dosing occasion; OCC123_4 First, second and third dosing occasions were used to
predict tacrolimus concentration of the fourth dosing occasion.
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Appendix 18. Boxplot showing the relative prediction errors of the individual predicted
tacrolimus concentrations of the fourth dosing occasion by the final population
pharmacokinetic model for tacrolimus relative to the observed concentrations. The
dashed blue lines depict the clinically acceptable range (±20%) for the relative prediction
errors. A priori model prediction based on population pharmacokinetic parameter
estimates, covariates, and dosing information; A posteriori model prediction based on
the inclusion of tacrolimus concentration in the fourth dosing occasion; OCC3_4 Third
dosing occasion was used to predict tacrolimus concentration of the fourth dosing
occasion; OCC23_4 Second and third dosing occasions were used to predict tacrolimus
concentration of the fourth dosing occasion; OCC123_4 First, second and third dosing
occasions were used to predict tacrolimus concentration of the fourth dosing occasion.
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Chapter 6:
Discussion and Conclusions.
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6.1

Summary

Globally, approximately 110,000 adults (from January 1992 to June 2018) have
undergone heart transplantations [1]. There is a steady increase in the number of
transplantations performed annually [2], mainly due to advancements in surgical
techniques and medical management, better patient selection for transplant and the
use of more effective immunosuppressive therapies. Unfortunately, complications
resulting from immunosuppressive therapy, such as cardiac allograft vasculopathy,
infection, and malignancies, continue to affect long-term survival in heart transplant
recipients [1, 3]. Therefore, the focus of the current work was to optimise the use of
tacrolimus, one of the cornerstones lifelong immunosuppressive therapies required by
heart transplant recipients. Optimising tacrolimus therapy is essential to reduce the
long-term complications resulting from its use.

Tacrolimus is currently the first choice calcineurin inhibitor used in most solid organ
transplant recipients, including heart transplants, to prevent graft rejection. Given the
considerable pharmacokinetic variability [4-10], narrow therapeutic range [11], and
non-linear pharmacokinetics [12-14], monitoring whole blood trough concentrations is
recommended to individualise tacrolimus therapy in transplant recipients [15].
Individualisation of tacrolimus therapy in transplant recipients is complicated because
(1) the optimal trough concentration and AUC therapeutic ranges in heart transplant
recipients have not been clearly defined, (2) unbound plasma tacrolimus concentrations
may better reflect tacrolimus efficacy and toxicity than whole blood tacrolimus
concentrations, (3) collecting timed trough concentrations is difficult in clinical practice,
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and (4) criteria for diagnosing adverse effects or toxicities due to tacrolimus have not
been clearly defined.

Population pharmacokinetic model-based Bayesian estimation presents as an
alternative approach for individualising tacrolimus therapy in transplant recipients [15].
This Bayesian approach utilises a population pharmacokinetic model together with
patient-specific information, and at least one drug concentration, to provide
individualised dosing recommendations. Its utilisation not only enables a flexible TDM
sampling scheme but also facilitates the (1) estimation of AUC from at least one drug
concentration, and (2) simulation of alternative dosing regimen(s) to achieve a predetermined therapeutic range. Importantly, the Bayesian approach has been shown to
improve the attainment of target tacrolimus concentrations in renal and liver transplant
recipients in the early post-transplantation period [16-18]. Improved achievement of
target tacrolimus concentrations likely translates into improved long-term graft and
transplant recipient survival by reducing the risk of acute graft rejection and tacrolimusrelated adverse effects or toxicities. Based on these clinical reasonings, this thesis
described a program of work undertaken to identify a suitable tacrolimus population
pharmacokinetic model to inform individualised dosing advice in heart transplant
recipients.

The overall aim of this thesis was to investigate the individualisation of tacrolimus
therapy in heart transplant recipients using the pharmacokinetic modelling approach.
The specific aims were to:
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1.

Explore tacrolimus dosing and monitoring practices in heart transplant recipients
(Chapter 2).

2.

Evaluate the predictive performance of a commercially available Bayesian dosing
software to predict tacrolimus concentrations in adult heart transplant recipients
(Chapter 2).

3.

Identify and summarise published population pharmacokinetic models of
tacrolimus developed from adult transplant recipients (Chapter 3).

4.

Determine the predictive performances of relevant population pharmacokinetic
models of tacrolimus to predict tacrolimus concentrations in adult heart transplant
recipients, stratified based on concomitant azole antifungal therapy (Chapter 4).

5.

Develop and evaluate a population pharmacokinetic model for tacrolimus in heart
transplant recipients, considering the effect of tacrolimus-azole antifungal drug
interaction (Chapter 5).

6.2

Overview of thesis and key findings

I began my thesis with Chapter 1, providing a broad overview of tacrolimus clinical
pharmacology, including clinical factors influencing tacrolimus pharmacokinetics (e.g.,
concomitant azole antifungal). I also discussed the challenges with current dosing and
monitoring strategies for tacrolimus in transplant recipients. This introductory chapter
highlighted a clear need for an alternative approach to the collection of timed trough
concentrations to inform tacrolimus dosing decisions in transplant recipients. In the
subsequent chapters, I presented the preparatory studies that ultimately led to the
development and evaluation of a tacrolimus population pharmacokinetic model to
facilitate dose individualisation in heart transplant recipients (Figure 24).
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Chapter 1 – Thesis Introduction

Chapter 2 – Clinical audit
of tacrolimus dosing and monitoring
practices.

Chapter 2 – Evaluation of a
commercially available Bayesian dosing
software.

• Tacrolimus dosing and monitoring were
discordant with hospital guidelines.

• The software was suitable for guiding
tacrolimus dosing only after 11 days of
therapy.

Chapter 3 – Systematic review of
available tacrolimus models (n=69).
• Recipient CYP3A5 genotype, days posttransplant, haematocrit and body
weight were identified as significant
clinical
determinants
influencing
tacrolimus pharmacokinetics.

Chapter 4 – External evaluation of
selected tacrolimus models (n=17).
• None of the evaluated models
adequately
described
tacrolimus
pharmacokinetics in adult heart
transplant recipients, stratified based on
concomitant azole antifungal use.

• Strategies to better utilise existing
models and additional consideration for
the development of new models, to
facilitate Bayesian-guided tacrolimus
dosing decisions were identified.

Chapter 5 – Development and evaluation of a tacrolimus model.
•

•

A model that comprehensively described tacrolimus pharmacokinetics in heart
transplant recipients, considering tacrolimus-azole antifungal interaction, over oneyear post-transplantation was developed.
The model was externally evaluated and is suitable to facilitate dose
individualisation in heart transplant recipients using one recent tacrolimus
concentration.

Chapter 6 – Thesis discussion and conclusion
Figure 24. Overview of thesis chapters and key findings.
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Assessment of tacrolimus dosing and monitoring practices against guideline
recommendations is important. This is to ensure the safe and effective use of tacrolimus
and to identify any necessary changes required to improve current practice. In Chapter
2 (published in Therapeutic Drug Monitoring), an audit of tacrolimus therapy in
hospitalised heart transplant recipients (n=87) at St. Vincent’s Hospital Sydney, a major
heart transplant centre in Australia, was undertaken. Consistent with a previous study
conducted in liver transplant recipients [19], compliance with tacrolimus dosing and
monitoring guidelines in heart transplant recipients was generally poor [20]. Specifically,
the underdosing of initial IV doses and collection of TDM samples that were not steadystate trough concentrations were commonly observed. A greater understanding of the
factors influencing prescribers’ decision-making regarding dosing tacrolimus is required.
The poorly timed tacrolimus concentrations reiterate the difficulties in dosing
tacrolimus based on trough concentrations. It is important to note that adhering to the
requirement of measuring timed trough concentrations is often not practical on busy
wards [21]. This leads to delays or omission of the next drug dose while waiting for
trough blood sample to be collected [21]. Findings from this chapter contribute to the
literature as no studies have assessed the compliance of tacrolimus therapy with
guidelines in heart transplant recipients.

Unlike in Europe and America, population pharmacokinetic model-based Bayesian
estimation is not used to inform tacrolimus dosing decisions in transplant recipients in
Australia. Therefore, the first step to consider when implementing the Bayesian
approach is which model should be selected. How should one navigate the numerous
tacrolimus models (n=74; [12, 22-26]) and covariates included in the models? Ideally,
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the model should (a) capture essential drug disposition (e.g., a 2-compartment model),
(b) show the distribution of transplant recipient covariates to be representative of the
target transplant recipient population, and (c) include well-established covariates
(e.g., haematocrit) [27]. The second step is to assess the robustness of the selected
model(s) for use in the target transplant recipient population. This step is undertaken by
determining the ability of the model(s) to accurately predict tacrolimus concentrations
relative to the observed concentration. If the majority of model-predicted tacrolimus
concentrations are within ±20% of the observed concentrations, the model is considered
suitable to guide tacrolimus dosing in the target transplant recipient population.
Consequently, the model can be integrated within a Bayesian dosing software to
facilitate dose individualisation in the target transplant recipient population.

Several commercially available Bayesian dosing software (BestDose®, NextDose®,
DoseMeRXTM, MwPharm 1.82, and ImmunoSuppressants Bayesian dose Adjustment
[IBSA]) have been developed to facilitate the practice of TDM and dose individualisation
for tacrolimus [17, 28-30]. Despite the advantages of the Bayesian approach (Section
1.8.2), the implementation of Bayesian dosing software in healthcare settings has been
limited. Potential barriers include the absence of high level pharmacokinetic and
technical expertise at practice sites, lack of user-friendly software programs and
difficulty with validating licensed programs in clinical settings [31, 32].

Evaluation of Bayesian dosing software for tacrolimus in the literature has been limited
to date [30]. In Chapter 2 (published in Therapeutic Drug Monitoring), a commercially
available Bayesian dosing software approved for use in Australia was evaluated [20]. The
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software uses a tacrolimus population pharmacokinetic model derived from renal
transplant recipients [33]. Prior to Chapter 2, the ability of this model to predict
tacrolimus exposure in heart transplant recipients had not been evaluated. The results
of this chapter highlighted that the model was able to adequately predict tacrolimus
concentration (n=931) after 11 days of tacrolimus therapy in adult heart transplant
recipients (n=81) [20]. The delay in the achievement of acceptable model predictions
likely reflects the instability of tacrolimus pharmacokinetics in the early posttransplantation period [34, 35] and the stabilisation of the clinically significant
tacrolimus-azole antifungal interaction [36-42]. The delay observed in the present study
mirrored the predictive performance of other models that were externally evaluated
using the Bayesian approach [43-45]. These models, however, were evaluated in the
same type of organ transplant recipient population used to develop the models. It is
important for the model to adequately predict tacrolimus concentrations prior to day
12 of therapy as there is an increased risk of acute graft rejection in the first-week posttransplantation. The finding of Chapter 2 illustrates the need for more work to
systematically quantify the large variability of tacrolimus pharmacokinetics early after
transplantation to improve model predictions.

Determining the generalisability of existing tacrolimus population pharmacokinetic
models would reveal if organ transplant specific models are needed to guide tacrolimus
dosing decisions. Only one [46] of two existing tacrolimus population pharmacokinetic
models [47, 46] that considered type of organ transplant, identified distinct differences
in tacrolimus clearance between liver and non-liver transplant recipient populations.
Congruent with Chapter 2 and the recent finding of Zhu et al [48], it may be possible to
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extrapolate tacrolimus models across different organ transplant recipient populations.
This is an important finding given the resource requirements and ethical considerations
associated with obtaining relevant clinical data to develop new models, including patient
recruitment and blood sample collections. The findings of Chapter 2 added to the scarce
evidence in the literature regarding the possibility of using population pharmacokinetic
model(s) to support tacrolimus prescribing practices across different organ transplant
recipient populations.

Results from Chapter 2 emphasised the need to evaluate existing tacrolimus population
pharmacokinetic models to identify one (or more) model(s) that might be more suitable
for use in heart transplant recipients, particularly for the immediate posttransplantation phase. A systematic review was performed (Chapter 3, published in
Clinical Pharmacokinetics) to inform the selection of models for subsequent evaluation
of their predictive performance in adult heart transplant recipients. A total of 69
tacrolimus population pharmacokinetic models were identified and summarised [26].
The properties of the models and covariates identified varied, reflecting the diverse
characteristics of the transplant recipient populations used for model building and the
variability in tacrolimus pharmacokinetics [26]. In line with previous studies [27, 49],
recipient CYP3A5, haematocrit, body weight and days post-transplant were identified as
factors influencing tacrolimus pharmacokinetics [26]. This chapter contributes to the
literature by providing numerous strategies to better utilise existing models (external
evaluation and model averaging) and additional consideration for the development of
new models (drug-drug interactions, and different formulations and brands of
tacrolimus) to guide tacrolimus dosing decisions in transplant recipients [26]. The
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content of Chapter 3 has proven useful for several clinical studies that have cited this
Chapter [16, 20, 50-54].

Several studies have performed an external evaluation of existing tacrolimus population
pharmacokinetic models (n=8−16) to predict tacrolimus exposure in renal [13, 55] and
liver [14] transplant recipients. These studies were performed using an independent
dataset – a dataset collected from a different transplant institute, as opposed to both
model building and external evaluation datasets being collected from the same
transplant institute. An external evaluation using an independent dataset collected from
a different institute has not been performed on heart transplant recipients. Whilst
preliminary evidence suggests that tacrolimus models can be extrapolated across
different organ transplant recipient populations, there is still a need to externally
evaluate the models in heart transplant recipients. This follows from the need to
investigate model performances (a) in the immediate post-transplantation phase that
inadvertently coincides with the initiation of concomitant azole antifungal therapy and
(b) without concomitant azole antifungal therapy. Given institutional guidelines
recommend the use of concomitant azole antifungal therapy for the first six months
post-heart transplantation, a model was required to describe tacrolimus
pharmacokinetics both in the presence and absence of concomitant azole antifungal
therapy. Concomitant azole antifungal therapy alters tacrolimus pharmacokinetics
substantially, necessitating dose adjustments [38-42, 56-60].

In Chapter 4 (published in British Journal of Clinical Pharmacology) [53], relevant
tacrolimus models (n=19) developed from various organ transplant recipient
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populations were selected from the systematic review (Chapter 3) [26] for the
evaluation of their predictive performance in heart transplant recipients. Model
evaluation was stratified based on concomitant azole antifungal use. The models were
tested on data collected from 85 heart transplant recipients from immediately posttransplantation up to 391 days post-transplantation. Mimicking clinical practice, the
models were unable to predict future tacrolimus concentrations given known tacrolimus
concentrations, dosing information and transplant recipient factors. Further, all models
displayed poor pcVPC. Overall, poor model performance was observed with and without
concomitant azole antifungal. Therefore, all 19 models, including those developed using
data obtained from heart transplant recipients, were inappropriate for use clinically to
guide tacrolimus dosing decisions in heart transplant recipients at St. Vincent’s Hospital
Sydney. The findings of Chapter 4 contribute to the literature regarding the requirement
for further work to describe tacrolimus pharmacokinetics in heart transplant recipients
accommodating for concomitant azole antifungal use.

Findings from Chapters 2, 3 and 4 served to guide the development of a tacrolimus
population pharmacokinetic model for heart transplant recipients, considering the drugdrug interaction with azole antifungals. In Chapter 5 (under review), a tacrolimus model
for heart transplant recipients was successfully developed. The model was developed
using 1100 tacrolimus concentrations collected between 2- and 391-days post-heart
transplantation. The model incorporated the effects of body weight, haematocrit, and
concomitant azole antifungal use on tacrolimus pharmacokinetics. Consistent with
previous reviews [26, 27, 49], these covariates are known to significantly influence
tacrolimus pharmacokinetics. Additionally, the pcVPC showed a good model fit to the
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model building dataset regardless of concomitant azole antifungal use. Mimicking
clinical practice, the model was able to predict future tacrolimus concentrations given a
known (recent) tacrolimus concentration, dosing information and transplant recipient
factors in an independent heart transplant recipient cohort (n=40). This suggests that
less frequent TDM monitoring of tacrolimus is acceptable once transplant recipients are
stable. In comparison to the evaluation of the model integrated within the Bayesian
dosing software (Chapter 2), the present model was able to display excellent predictive
performance in both stable and unstable post-heart transplantation phases. As a result,
the model can be implemented in clinical practice to individualise tacrolimus therapy in
heart transplant recipients.

Ideally, model development requires the prospective collection of intensive sampled
pharmacokinetic data under a protocolised setting. However, consideration of
alternative approaches to model development is important given the resource
requirements and ethical considerations associated with the development of new
models. In Chapter 5, only pre-dose tacrolimus concentrations (at most one tacrolimus
concentration over a dosing interval was available) collected from routine drug
monitoring were available. Therefore, pharmacokinetic parameter values from a
previously published tacrolimus model [35] were used to inform the estimation of some
pharmacokinetic parameters during model building. This methodological approach is of
particular interest given the difficulties in building models for less well-studied
transplant recipient populations (e.g., heart, lung, and allogeneic hematopoietic stem
cell transplant recipients), owing to data sparseness. Unfortunately, the utilisation of
this methodological approach for model building is uncommon [61]. Nonetheless, a
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recent study demonstrated an improvement in model predictive performance using this
approach [62]. The findings from Chapter 5 adds further to the literature by providing
similar evidence.

Existing tacrolimus models for use in heart transplant recipients (n=5) were developed
using data collected in the early post-transplantation period (≤100 days) [35, 47, 63-65].
One of them had incorporated pharmacokinetic changes with concomitant azole
antifungal use (voriconazole and fluconazole) [63]. Therefore, Chapter 5 contributes to
the literature by being the first population pharmacokinetic model to comprehensively
describe tacrolimus pharmacokinetics in heart transplant recipients, considering the
clinically

significant

tacrolimus-itraconazole interaction, over one-year post-

transplantation, including both stable and unstable phases of transplant recipient’s
clinical courses.

6.3

Strengths of the current research

This thesis presents a program of work that has led to the development and evaluation
of a population pharmacokinetic model for tacrolimus in heart transplant recipients. To
my knowledge, this model is the first to describe tacrolimus pharmacokinetics in heart
transplant recipients, considering the clinically significant tacrolimus-azole antifungal
interaction, over one-year post-transplantation. The overall aim of this thesis was to
investigate the individualisation of tacrolimus therapy in heart transplant recipients
using the pharmacokinetic modelling approach. This aim was accomplished, with studies
leading to the development of a tacrolimus model. The model will be able to help
transplant clinicians choose optimal tacrolimus doses and allow simulations of
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alternative doses to compare potential pharmacokinetic outcomes. Important to note
that any dosing recommendations by the model will only augment rather than replace
the final clinical decision.

A major strength of this thesis is that the model developed provides an evidence base
to implement the Bayesian approach for heart transplant recipients at St. Vincent’s
Hospital Sydney. The model incorporated the effect of concomitant azole antifungal use
on tacrolimus pharmacokinetics. This was particularly important given the difficulties in
dosing tacrolimus for the first two weeks upon initiation and cessation of concomitant
azole antifungal therapy. The cessation of concomitant azole antifungal therapy
happens much later during tacrolimus therapy. The model incorporated time-varying
covariates (body weight and haematocrit) that are commonly collected as part of
routine care. These covariates account for changes in tacrolimus pharmacokinetics over
time. Consequently, the same model can be used to accurately inform tacrolimus dosing
both in the early post-transplantation phase and throughout the lifelong course of
tacrolimus therapy.

An additional strength of this thesis is the diverse heart transplant recipients (n=87)
included in the studies. The study population is representative of “real-life” heart
transplant recipients. The dosage of tacrolimus given to different transplant recipients
(and during an individual’s therapy) varied considerably. Thus, findings from this thesis
should be applicable to a larger heart transplant recipient community. Given the
heterogeneity of the study population, the tacrolimus model developed fulfilled highperformance expectations. While at one transplant centre - this centre performs the
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highest number of heart transplantation in Australia. Thus, it is anticipated that the
model will perform equally well if used in other heart transplant centres in Australia or
even overseas.

Finally, the variety of methods applied to investigate the research questions is a strength
of this thesis. Methods used included a systematic review and a comprehensive
pharmacokinetic modelling approach (model building, model evaluation and
simulations). Although tacrolimus dose individualisation was the focus of this thesis, the
approaches used are applicable to a wide range of drug therapies.

6.4

Limitations of the current research

The limitations of individual studies are addressed within each chapter, but several
limitations of the thesis as a whole warrant further discussion. Due to the retrospective
nature of the study, the time of tacrolimus administration and TDM sample collection
cannot be guaranteed. This may impact the accuracy of data used for model building and
evaluation. The accuracy of these data is variable in clinical practice, particularly if
electronic systems are used to capture the data [66]. An example is a recent study
highlighting the observed discrepancies in vancomycin administration time that resulted
in a different dose recommendation in 57% of cases [66]. It is important to note that this
is the reality of clinical research, the same patient data are available to clinicians in their
day-to-day workflow.

Another limitation is the dataset used for the individual studies. High doses of
corticosteroid therapy administered in the early phase post-transplantation may
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increase tacrolimus apparent clearance [10]. Unfortunately, the collection of
prednisolone doses in the outpatient setting was not possible as they were not
consistently documented in the paper medical record. Due to this, the performance of
models that incorporated prednisolone dose as a covariate could not be assessed
(Chapter 4) and prednisolone dose could not be tested as a covariate during model
building (Chapter 5). Race, CYP3A5 genotype, CYP3A4 genotype and ABCB1 genotype
have been shown to significantly influence tacrolimus apparent clearance [15, 26, 47,
67]. These data were unavailable in approximately 40% of the heart transplant recipients
included in this study. This could have also influenced the predictive performances of
models that had any of these as covariates in the model (Chapter 2 and 4) and inclusion
as covariates following stepwise covariate modelling (Chapter 5).

6.5

Implications for clinical practice

Individualising tacrolimus therapy is crucial in achieving prolonged transplant recipient
and graft survival with improved quality of life. However, the findings from my thesis
(Chapter 2) and in the international literature [15, 19] indicate that tacrolimus dose
individualisation is challenging given the difficulty in collecting timed trough
concentrations. Nonetheless, this can now be overcome using the tacrolimus population
pharmacokinetic model developed in Chapter 5 as it allows for the interpretation of nontrough concentrations. This clinical decision support tool used alongside clinical
judgement will help inform tacrolimus dosing decisions in heart transplant recipients
both in the inpatient and outpatient settings. Further, transplant clinicians will be able
to visualise the distribution of expected tacrolimus concentration following acceptance
of a dose recommendation(s). Using the “right” population pharmacokinetic model276
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based Bayesian estimation has been shown to improve the attainment of target
tacrolimus concentrations in renal and liver transplant recipients in the early posttransplantation period [16-18]. Therefore, it is hypothesised that the utilisation of the
model developed in Chapter 5 will (1) improve the current standard of care and
transplant recipients’ clinical outcomes (safety/efficacy) and (2) shorten the time to
reach therapeutic range of tacrolimus exposure.

As highlighted in Chapters 2, 3 and 4, it is difficult to dose tacrolimus in the presence of
concomitant azole antifungal therapy. If tacrolimus dosing is not adjusted appropriately,
transplant recipients will be at risk of either acute graft rejection or tacrolimus adverse
effects/toxicities. To date, no tacrolimus model has quantified the effect of itraconazole
on tacrolimus pharmacokinetics in heart transplant recipients. To cater for this, the
model developed in Chapter 5 was adapted to quantify the effect of concomitant
itraconazole on tacrolimus CL/F and BSV on CL/F. Concomitant itraconazole was found
to reduce tacrolimus CL/F by 80%. Even without the use of the Bayesian approach,
clinicians can use this knowledge and reduce tacrolimus doses by 80% if heart transplant
recipients are co-prescribed with itraconazole.

6.6

Future directions

The present thesis highlighted several potential directions for future research, focusing
on the model developed in Chapter 5. This includes prospective evaluation of the model
to access its clinical utility, identification of optimal TDM sampling time, determination
of the ability of the model to predict AUC0-12, the establishment of optimal tacrolimus
therapeutic ranges for both trough concentrations and AUC0-12 in heart transplant
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recipients, assessment of model generalisability, and determination of model
performances using tacrolimus concentrations measured by dried blood spot.

Despite the success of the development and evaluation of a tacrolimus population
pharmacokinetic model to inform tacrolimus dosing in heart transplant recipients,
prospective evaluation to access its clinical utility is required. While it is expected that
population pharmacokinetic model-based Bayesian estimation yields improved target
attainment of tacrolimus trough concentration, it is important to evaluate its clinical
feasibility, clinical outcomes (graft rejection rates and incidence of tacrolimus-induced
toxicities/adverse effects), and cost-effectiveness. This could be performed through a
randomised controlled trial that is powered to compare clinical outcomes, comparing
the usual practice of dosing tacrolimus (control group) versus population
pharmacokinetic

model-based

Bayesian

estimation-guided

tacrolimus

dosing

(intervention group).

The tacrolimus population pharmacokinetic model developed could be used to design
optimal TDM sampling time strategies. This strategy is important to identify the most
informative time within a dosing interval to facilitate TDM blood sample collection. The
optimal TDM sampling time can then be embedded into national dosing guidelines to
facilitate tacrolimus dose individualisation in heart transplant recipients. A simulation
study could be performed to assess the difference in tacrolimus dose recommendations
using optimal and non-optimal sampling times.
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Although practice guidelines currently advocate the use of trough concentrations to
guide tacrolimus dosing, there is increasing evidence that AUC is a better surrogate for
treatment efficacy [15, 22, 62]. Therefore, evaluation of the ability of the model to predict
AUC0-12 is required prior to recommending the use of AUC0-12 to guide tacrolimus dosing
in heart transplant recipients. Further study is required to compare model-predicted
AUC0-12 to AUC0-12 calculated using the trapezoidal rule (reference method). For this
study to be possible intensive sampling pharmacokinetic data collection is required to
facilitate AUC0-12 calculation using the trapezoidal rule.

The model could be used to establish the optimal therapeutic ranges for both trough
concentrations and AUC0-12 in heart transplant recipients. The refinement of therapeutic
ranges for tacrolimus using this model would prove useful in clinical practice since (1)
the model was developed using tacrolimus concentrations measured by highperformance liquid chromatography-tandem mass spectrometry - a bioanalytical
method with a high degree of sensitivity, specificity and precision and (2)
mycophenolate mofetil and prednisolone were used alongside tacrolimus – the three
drugs commonly used combination of maintenance therapy in heart transplant
recipients. The refinement of therapeutic ranges for trough concentrations and AUC0-12
could be performed by investigating tacrolimus concentrations/AUC that correspond to
acute graft rejection and tacrolimus adverse effects/toxicities.

It is important to assess the generalisability of the developed model in (a) other heart
transplant recipient populations and (b) other solid organ transplant recipient
populations. St. Vincent’s Hospital Sydney is a thoracic transplant centre. Given the
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scope of this thesis, model performance in lung transplant recipients was not
undertaken. However, the model is currently being evaluated in lung transplant
recipients. The primary aim of this work is to evaluate the predictive performance of the
model stratified based on cystic fibrosis status and concomitant azole antifungal use.
Further, the AUC0-12 predicted by the model will be compared to AUC0-12 calculated using
the trapezoidal rule. I hypothesise that the model will be able to be extrapolated for use
in lung transplant recipients.

The use of dried blood spots has been identified as a new monitoring strategy to
measure whole blood tacrolimus concentrations [15]. This approach is user friendly and
provides both cost and time savings. It can be implemented at home and requires a very
small amount of blood sample collection to determine tacrolimus concentration [15].
Comparing model performances using tacrolimus concentrations measured by dried
blood spot to whole blood tacrolimus concentrations analysed in the laboratory could
provide preliminary evidence for the use of dried blood spot alongside the model and
clinical judgement to guide tacrolimus dosing in heart transplant recipients.

6.7

Overall conclusions

There is a clear need to establish an alternative approach to the collection of timed
trough concentrations to enable precision dosing of tacrolimus in heart transplant
recipients. This thesis presents the utilisation of a pharmacokinetic modelling approach
in individualising tacrolimus therapy in heart transplant recipients and has led to the
development of a tacrolimus population pharmacokinetic model. This model is the first
dosing support tool that considered the clinically significant tacrolimus-azole antifungal
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interaction, over one-year post-transplantation. This model will be able to assist
transplant clinicians in prescribing tacrolimus in heart transplant recipients. Prospective
evaluation of the model in clinical practice is a priority. My goal is to integrate this model
in a Bayesian dosing software for implementation in routine clinical practice across
transplant centres worldwide. Given that St. Vincent’s Hospital Sydney is also a lung
transplant centre, I aim to investigate the extrapolation of this model to lung transplant
recipients.
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