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The dosing of tacrolimus, which forms the backbone of immunosuppressive therapy

after kidney transplantation, is complex. This is due to its variable pharmacokinetics

(both between and within individual patients), narrow therapeutic index, and the

severe consequences of over- and underexposure, which may cause toxicity and

rejection, respectively. Tacrolimus is, therefore, routinely dosed by means of thera-

peutic drug monitoring (TDM). TDM is performed for as long as the transplant func-

tions and frequent and often lifelong sampling is therefore the rule. This puts a

significant burden on patients and transplant professionals and is associated with

high healthcare-associated costs. Furthermore, by its very nature, TDM is reactive

and has no predictive power. Finally, the current practice of TDM does not foresee in

an active role for patients themselves. Rather, the physician or pharmacist prescribes

the next tacrolimus dose after obtaining the concentration measurement test results.

In this article, we propose a strategy of patient-controlled, home-based, self-TDM of

the immunosuppressant tacrolimus after transplantation. We argue that with the

combined use of population tacrolimus pharmacokinetic models, home-based sam-

pling by means of dried blood spotting and implementation of telemedicine, this may

become a feasible approach in the near future.
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1 | INTRODUCTION

The ever-increasing demand for healthcare is taking its toll on health-

care systems all over the world.1 Overcrowded outpatient clinics have

become the norm, as have long waiting lists for surgical procedures.2

This is, at least in part, due to the aging population and number of

people living longer with chronic conditions. Compounding this are

limitations of the healthcare system, such as the dwindling number of

nursing staff and physicians per capita and ever-increasing healthcare

costs. Transplantation medicine is no exception. The incidence of end-

stage kidney disease has increased as a result of aging of the popula-

tion and the epidemic of the metabolic syndrome.3 At the same time,

Abbreviations: AI, artificial intelligence; AUC, area under the concentration vs. time curve; C0,
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the age of patients eligible for transplantation has increased and

comorbid conditions are often no longer an absolute contraindication

for transplantation.4,5 This has resulted in an increased number of

patients being waitlisted for transplantation.6

Meanwhile, the role of the patient has changed over the last

decade. Patients now often desire a more active role in the treatment

of their disease or condition, and shared decision making is considered

good clinical practice.7 While physicians encourage patient participa-

tion, this can put additional strain on health care professionals

(e.g. time spent on consultations),8 which may cause problems as evi-

denced by the high burn-out rates among transplant surgeons.9 This

issue, together with the increasing patient numbers and the need for

cost-effectiveness of treatments, could be solved by introducing tech-

nological innovations such as telemedicine to support effective health

care delivery.

Technological advances, such as the increasing use of smart

phones and tablets, have opened the door for innovative methods to

provide healthcare at a distance. Consultation via video, remote

monitoring of vital functions or tracking medication intake using

web-based interfaces or applications are all examples of what is now

commonly referred to as telemedicine.10,11 Telemedicine was found

to improve access to care in rural areas and helped to reduce the

number of visits to the outpatient clinic, with increased patient satis-

faction, cost savings and reduced travel time.12

Telemedicine is also increasingly being used in the field of

transplantation. This development was fuelled by the COVID-19

pandemic.13 A recent literature review by Hezer et al. confirmed that

the application of telemedicine in transplantation leads to improved

adherence to (immunosuppressive) therapy and medication,

increased patient satisfaction, reduced travel time and, in theory, a

reduction of health expenditure.14 Nonetheless, several barriers for

the implementation of telemedicine remain, including limited infor-

mation technology infrastructure, adequate reimbursement and

legislative issues.14

In this article we propose a strategy of patient-controlled, home-

based therapeutic drug monitoring (TDM) of the immunosuppressant

tacrolimus after transplantation. We aim to provide evidence from

the literature for the benefits and feasibility of such an approach.

Tacrolimus is the backbone of current immunosuppressive therapy

after solid organ transplantation and its dose is routinely adjusted by

TDM. We believe that home-based, TDM by transplant recipients

themselves may lead to more precise dosing of tacrolimus, with

increased patient adherence and participation, improved quality of

life, and reduced healthcare-associated costs.

2 | CURRENT TDM OF TACROLIMUS

Tacrolimus is routinely dosed to achieve an empirically defined whole

blood concentration range (the so-called target range), which depends

on the type of organ transplanted, the time after transplantation, and

the concomitant immunosuppressive medication. For this purpose,

the predose (C0 or trough) concentration is routinely used, although

some centres rely on limited sampling strategies and more extensive

pharmacokinetic (PK) profiling.15,16

The current practice of TDM of tacrolimus has several limitations,

as recently described by Holford and colleagues.17 The main limitation

being that TDM is reactive in nature, basically a question of trial and

error, and that it has no predictive power. Another important limita-

tion is the fact that the tacrolimus C0 has a poor correlation with

adverse clinical outcomes, including acute rejection.18 Although the

total tacrolimus exposure within a dosing interval (as measured by

the area under the concentration vs. time curve [AUC]) may correlate

better with clinical outcome,15 the extensive sampling which is

required puts a considerable burden on patients and nursing and labo-

ratory staff, and is more expensive.

3 | DOSING OF TACROLIMUS WITH
ALGORITHMS AND ARTICIFIAL
INTELLIGENCE

The PK of tacrolimus can be described with population PK (PopPK)

models.19,20 Importantly, such PopPK models can also be used to pre-

dict the PK of tacrolimus after transplantation. PopPK models have

been successfully used to guide both the tacrolimus starting dose and

follow-up dosing. A starting dose can be calculated using algorithms

derived from PopPK models, which can be described as a priori

model-informed precision dosing, because it solely depends on the

covariates in the model and does not rely on previously measured

tacrolimus concentrations. On the contrary, follow-up dosing relies on

PopPK models and a posteriori Bayesian prediction using measured

tacrolimus concentrations.21–24 This practice can be referred to as

model-informed precision dosing. Taken together, studies investigat-

ing the benefits of algorithm-guided dosing have, in general, demon-

strated that this strategy leads to a higher percentage of patients

reaching the target concentration range at first steady state and main-

taining patients on target. However, clear clinical benefits, such as less

acute rejection or less tacrolimus-related toxicity, have not been

convincingly demonstrated.21,22,24 Nonetheless, model-informed

follow-up dosing may have other advantages over traditional TDM.

These include more standardized tacrolimus dosing and advice regard-

ing the timing of tacrolimus concentration measurements.23

The lack of a clinical benefit, despite improved achievement of

the target exposure, is partly explained by the fact that most of the

studies investigating the benefits of algorithm/PopPK-guided tacroli-

mus dosing were powered for PK endpoints and not powered or

designed to show differences in pharmacodynamic endpoints, the

relation between exposure/concentration and demonstrate clinical

benefits.21,24 A recent randomized, controlled trial followed newly-

transplanted patients for 90 days and compared standard TDM

(n = 45) with combined algorithm-based starting and follow-up dos-

ing using Bayesian prediction (n = 40).22 The authors observed an

improvement in PK endpoints in the intervention group (a shorter

time to reach the target range, and less off-target exposure thereaf-

ter), but, again, no improvement in terms of acute rejection rate, graft
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survival or the incidence of delayed graft function was observed. Like

in previous studies comparing standard vs. algorithm-based tacroli-

mus dosing,21,24 the limited number of patients included in this trial

may have been too small to demonstrate clinical and/or statistically

significant benefits of algorithm-based dosing.22 Importantly, the

association between tacrolimus exposure and rejection risk remains a

topic of debate.15 In low-exposure tacrolimus regimens, which are

now standard in most centres,25 no clear association between the

tacrolimus C0 and the risk of acute rejection has been demon-

strated.18 Furthermore, acute rejection is also determined by factors

other than tacrolimus exposure and these include the number of

human leucocyte antigen mismatches, patient adherence, the pres-

ence of donor-specific anti-human leucocyte antigen antibodies

(resulting from prior transplantations, pregnancy or transfusions), cold

ischaemia time and the exposure to concomitant immunosuppressive

drugs.26

Clinical benefits may only become apparent if the performance of

PopPK models improves in terms of achieving and maintaining tacroli-

mus target concentrations. The models by Francke et al. and Lloberas

et al. resulted in 58 and 55% of patients being within the target con-

centration range at first steady state, respectively.21,22 Fifty-eight per-

cent of patients within target range using model-based dosing is a

clinically meaningful improvement from 37.4% target range attain-

ment in bodyweight-based dosing, but obviously there still is room for

improvement of algorithms.21 To further improve models, new covari-

ates should be included in PopPK models and dosing algorithms. Such

covariates may include the influence of gut microbiota and body

composition.27–29

Recently, the use of artificial intelligence (AI) to develop models

as an alternative to PopPK models has generated considerable enthu-

siasm as AI models use any amount and type of covariates without

any assumptions to increase its predictive capacity.30,31 AI is consid-

ered a valuable complementary asset to PopPK modelling and with

tools such as data mining additional covariates can be identified.30,32

Moreover, new software has been developed to combine machine

learning with model building programmes to generate an infinite num-

ber of models from a dataset, an impossible feat to accomplish manu-

ally.33 However, such AI models may be limited by overfitting, limited

generalisability and lack of physiological explanation.30,34 Collabora-

tion between experts from the clinical and technological fields is nec-

essary to determine the role of AI in precision dosing. Ultimately, the

goal would be to move from a concentration target range towards a

personalized exposure target range, to minimize side effects and opti-

mize efficacy of therapy. However, reported outcomes on minimizing

tacrolimus exposure differ due to differences in treatment strategies

and study protocols, which make it difficult to choose an exposure

target range.15,35,36 These differences do suggest that subpopulations

of transplant recipients might be identified that tolerate less restric-

tive immunosuppressive regimens without worse clinical outcomes

and vice versa. When model-based dosing is implemented and

patients' PK and clinical characteristics accumulate over time, it might

be possible to stratify patients to low and high tacrolimus exposure

based on their immunological risk.

3.1 | Dried blood spot

Tacrolimus in whole blood is largely bound to erythrocytes (the

intraerythrocytic fraction makes up 74–95% of the whole blood con-

centration), with the plasma fraction (24.5% of the whole blood

concentration) being largely bound to plasma proteins. There is only a

limited amount of unbound tacrolimus in blood and this free fraction

of tacrolimus makes up 0.1–1.5% of the total whole blood concentra-

tion.37 In general, whole blood is the matrix used for TDM of tacroli-

mus in clinical practice. This is, however, limited by the need for

repetitive venipuncture and the resulting burden for patients and per-

sonnel, and the healthcare workflow.

A proposed solution could be the use of dried blood spot (DBS)

sampling. It is now possible to measure several analytes from a single

spot, including creatinine, making it a valuable asset for algorithm-

based dosing and home-monitoring.38–40 There are multiple theoretical

advantages to DBS sampling, which include (but are not limited to): the

possibility to collect multiple samples (for the measurement of an

AUC); the convenience of not having to visit the outpatient clinic for

(self-)sampling; and DBS being less invasive compared to venapunc-

ture.38,39 While DBS is still invasive and potentially painful to patients,

the fingerprick was preferred to venipuncture by patients within the

context of DBS.41 Additionally, self-sampling with DBS gives patients

the freedom to follow their usual routine while sampling, reduces travel

time and costs, as was described in a hypothetical study.42 When DBS

was tested in addition to standard care, Veenhof et al. found no differ-

ence in average costs compared to standard care for the healthcare

organization. They did calculate a theoretical cost-reduction of

399 euro per patient in the first year after transplantation if DBS

replaced venous sampling completely and could avoid the need for 1

consultation.43 This calculation did not take into account the possible

cost-reduction of reduced nephrologist and phlebotomist workflow.43

Before DBS can be applied it is essential to develop a method of

sampling and subsequently perform a validation of this method (for an

overview, see Capiau et al.).44 An important factor to consider in the

process of validation is the type of DBS filter paper, as this affects the

analyte and its recovery.45–47 Furthermore, the sample can be collected

volumetrically or nonvolumetrically (free-fall drop from a patient's fin-

ger). Nonvolumetric samples need to be corrected for haematocrit

levels during analysis,48 while volumetric samples largely remove the

need for correction.49 When compared in practice, nonvolumetric sam-

ples were found to be superior in terms of clinical criteria, quality and

cost compared to volumetric samples.50,51 An overview of important

aspects for clinical implementation was recently provided and

highlighted the importance of both patient training to ensure sample

quality and field testing of the transit of DBS cards to assure that these

are analysed in time.52

4 | CLOSING THE LOOP

We envisage a future for TDM on the basis of patient controlled,

home-based, TDM using DBS and dosing algorithms based on PopPK
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models. Patients will sample their blood using DBS and receive dosing

advice through a digital interface after analysis of the DBS by the

laboratory (Figure 1). This digital interface could be built using a

developed software programme from our hospital pharmacy, called

MEDD-AIM. It was developed to improve the dosing process of van-

comycin in critically ill patients,53 who also have variable kinetics, by

having multiple dosing recommendations calculated for a specific

patient by established PK models. The physician enters the patient

identification number, after which the programme extracts the neces-

sary data (e.g. covariates) from the electronic health record (EHR). The

programme uses the data to select a combination of models to run

dosing simulations. Subsequently, the programme determines an opti-

mal dose to achieve the target concentration at the requested time.

For starting dose recommendations, the models do so without previ-

ous vancomycin levels (a priori), while for follow-up dosing the pro-

gramme integrates previously administered dosages and vancomycin

trough levels (a posteriori).

The main advantage of this tool is that the interface is simple and

user-friendly, while it allows for healthcare professionals to view each

separate model calculation in a combined plot of all concentration–

time curves. MEDD-AIM might also be upgraded with an extension

for tacrolimus dose recommendations by adding the tacrolimus

models. This may seem like a moonshot, but we argue that this will

become feasible within the next few years, as there are examples of

closed loop systems in other areas of medicine. For instance, within

the field of diabetes mellitus, patients monitor and control their own

insulin therapy by means of measuring glucose concentrations in

blood either by fingerprick or interstitial fluid using flash glucose mon-

itoring devices (e.g. Freestyle libre). For the latter, it has been shown

that glycaemic control improves and discontinuation rates of measur-

ing decrease compared to standard blood glucose concentration mon-

itoring.54,55 Moreover, there is evidence regarding the safety and

efficacy of self-monitoring or self-managing (dosing their own medica-

tion) among patients on oral anticoagulation (vitamin K antagonists). A

Cochrane review including nearly 9000 participants found a 50%

reduction in the occurrence of thrombo-embolisms and no increase in

bleeding complications compared to standard of care.56 However, in

both fields it was noted that these results might not be reproducible

when participants are less motivated, lack digital skills or lack trainabil-

ity, due to a variety of reasons including physical limitations, failing to

F IGURE 1 The closing-the-loop concept visualized. The MEDD-AIM software (below) calculates a starting dose based on available data
(covariates) for an individual patient. When patients sample their own blood using dried blood spot cards (top), it can be sent to the laboratory
through the postal service for analysis (right). The results and tacrolimus trough level will then be used as input for the algorithm to calculate a
dose specific for an individual patient (bottom), after which the dose will be communicated to the patient through a digital interface (left). This
process is repeated iteratively, forming a closed loop.
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attend training or failing the assessment.56 The impact of costs must

not be understated, as this can make patients reluctant to partake in

self-monitoring.56

Motivation, skills and/or trainability, and costs influenced the

uptake and succes of these interventions in insulin and anticoagulant

therapy, and these may apply to the transplant population as well and

pose the first question that needs answering.

In the overview of home-monitoring by Hezer et al., the authors

concluded that patient preferences, perceived burdens and needs

have to be explored and subsequently integrated into the design of

methods for home-monitoring.14 This also applies to the proposed

closing-the-loop principle. The feasibility of implementation and subse-

quent integration of this innovation into the patients' treatment regi-

men will meet with greater success and hopefully lead to prolonged

adherence if patients' needs are taken into account. Moreover, studies

among patients who are the potential end-users may help identify

solutions to potential barriers and inform educational strategies on

the system.

It is equally important to take the opinions of healthcare profes-

sionals into account. A Cochrane review regarding perceptions of and

experiences with telemedicine in primary care showed ambiguous

results across multiple aspects of telemedicine. For example, some

physicians appreciated the decisional tools while others thought it

threatened their clinical skills.57 Ultimately, the question is under

which conditions might closing the loop on TDM be acceptable to

healthcare professionals? How do physicians and pharmacists per-

ceive a closed loop TDM system, which patients do they see as poten-

tial candidates for use, what do they perceive as barriers to

implementation in clinical care and how might we overcome them. Is

there still a need to double-check an algorithm-based dosing recom-

mendation by a pharmacist/physician or can it be more or less auto-

mated without checks by professionals? In the developmental process

of software programs, it is mandatory to build in checkpoints for data

validation according to the EU MDR and ISO 13485.58,59 Moreover,

the extent of most of these checks can be at the discretion of the

developer, these measures do not avoid liability. It is important to

explore these questions with healthcare professionals as the removal

of checkpoints has implications for patient safety and professional lia-

bility, which may become a barrier to implementation. As mentioned

before, tacrolimus dosing is both complex and critical for transplant

healthcare and changes in the patients' health status and current med-

ication use may rapidly succeed 1 another. These real-world changes

make it difficult for algorithms to predict doses correctly as was

shown for concomitant azole-therapy during tacrolimus therapy.60 It

is important to know the limitations of these models, as many do not

account for drug interactions or (switching to) different tacrolimus for-

mulations61 or side effects such as diarrhoea.62 In case of these clini-

cal events, we do not expect these models to give an adequate dosing

recoomendation. Coming back to our opening statement of this para-

graph, we can not expect this concept to remove the need for

involvement of health professionals, because they are responsible for

their patients and their clinical outcomes. However, we could view

this as a valuable part of the toolbox of the physician, which could

also take work off their hands. For example, patients who are stable

for a reasonable time post-transplantation might benefit from the

increased autonomy provided by the closing-the-loop concept, possi-

bly by also replacing the bulk of physical consultations with telecon-

sultations. We acknowledge the possible implications of omitting the

physical examination during follow-up for the patient–provider rela-

tionship63 or missed tumours in this high-risk population,64 but this

could be solved in multiple ways, including regular visits to the general

practitioner or self-monitoring or self-examination combined with

teleconsultations.

Essential for this concept is the development of a model (or a

combination of models) that is applicable to (almost) all individual kid-

ney transplant recipients, like the MEDD-AIM software for vancomy-

cin. As mentioned before, problems with external validation and thus

clinical implementation have been described,65 which were probably

due to differences between model structures, selection of covariates

and differences between populations.66,67 These findings highlight the

importance of externally validating models before implementing them

in clinical practice. To bridge the gap to a model applicable to a larger

pool of (kidney) transplant recipients we propose to develop a digital

interface which integrates established PopPK models to fit an individ-

ual patient to the best model or a combination of models using

weighted model-averaging using clinical data from the EHR as input

for the models.61 This continuous learning approach, i.e. continuously

updating a model using clinical data has previously been shown to

successfully improve prediction models, for example when predicting

the exposure to the antibiotic vancomycin.68 The digital interface

could then be tested prospectively for its performance in different

cohorts of kidney transplant recipients. Subsequently, it would be eas-

ier to perform long-term trials with larger groups of patients from dif-

ferent transplant centres in a uniform way using the dosing interface,

which would be powered to potentially show clinical benefits like

improved graft survival and fewer rejection episodes. Moreover, the

use of AI/machine learning could be beneficial, as patient data can be

mined for important unexplored covariates to more accurately

describe PK characteristics of the population. Furthermore,

implementing techniques such as reducing the weight of model priors

relative to the actual observations of patients (flattened priors) or

model-averaging techniques can improve prediction accuracy if

patients are not well-described by a model.69,70

Additionally, the interface might help elaborate reference values

for pharmacological parameters of interest such as peak concentration

or Cmax and C0 within the population and even for individuals. It has

been established that fast metabolizers of tacrolimus need higher

doses of tacrolimus to reach the target C0, possibly leading to higher

Cmax values, which in turn leads to toxicity by overexposure.71,72

Conversely, it can help define a target C0 or AUC to reduce

underexposure.

Another area requiring further investigation is transit times, per-

forming field tests for transit times of DBS samples is essential for

having results in time.52 For successful implementation this process

will need to be optimized (e.g. more reliable transportation or working

with local laboratories), but this will be quite a challenge to realize as
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liquid chromatography–tandem mass spectrometry is expensive and

requires dedicated and trained personnel, making wide-scale imple-

mentation in the near future difficult. It might be better to opt for a

centralized strategy, starting with the validation in larger (academic)

hospitals before further implementation. Starting in the larger centres

with transplantation experience will also help the development of the

technique, making it easier to evaluate clinical benefits and facilitate a

regional rollout afterwards. Once validated in kidney transplant recipi-

ents, the strategy can serve as a proof of concept for other organ

transplant populations.

Importantly, implementation of this technique requires a good

information technology infrastructure. Digitalization of healthcare has

been a slow process. For example, electronic health records (EHR)

have only been routinely used for about 15 years in the United States

of America due to financial reimbursement after the passing of the

HITECH act (part of the Recovery and Reinvestment act).73 It is

important to acknowledge the multiple barriers to the implementation

of the EHRs such as technical, time-related, social and legal barriers as

well as the interrelationships between these barriers.74 For instance,

the perceived lack of adequate computer skills (technological barrier)

and the additional time spent per patient (time barrier) may form a

combined barrier to implementation. We need to take into consider-

ation that the digital interface might be hampered by the same bar-

riers and their interactions, which has its implications for possible

facilitators. Potential facilitators include a robust infrastructure to

guarantee fast and safe data management, and a dedicated support

team to guarantee operability and adequate support with trouble-

shooting. A software programme such as MEDD-AIM relies on other

digital systems for source data and adequate communication between

these systems (Figure 2).

The digital interface could be embedded within the EHR or a

standalone software programme, but it needs access to patient's sam-

ple data to give a dosing recommendation to either healthcare profes-

sionals or patients. While the choice of a modality may depend on

several aspects including developmental/strategic choices, the possi-

bility of collaborating with EHR providers and preferences from

healthcare professionals and patients, it is clear that the interface will

both generate and use a lot of sensitive data. Privacy and patient–

physician confidentiality are of great importance, which is why legisla-

tive and safety issues are important to discuss in the early stages of

development.75 Concerning the legislative aspects, the digital inter-

face will need to be accepted by the appropriate regulatory authority

(e.g. MDR for the European Union) when implementation is at hand,

ensuring its compliance to standard regulations.59

In conclusion, we believe that the future of TDM of tacrolimus

will include patient controlled, home-based dosing using algorithms—

the closing the loop concept. Important steps (see Table 1) to achieve

this goal start with the optimisation and implementation of the DBS

technique. Next, the focus should move towards the development of

a model(s) that is capable of providing an accurate dosing

recommendation for a large proportion of kidney transplant

F IGURE 2 Visualization of dataflow behind the software programme MEDD-AIM.

TABLE 1 Steps to realize closing-the-loop concept.

1 Optimize and implement the use of DBS sampling in clinical

practice

2 Explore barriers and facilitators among patients and healthcare

professionals

3 Build a dosing interface to dose tacrolimus tailored to an

individual patient

4 Retrospectively test the dosing interface

5 Acquire legislative certification for the dosing interface

6 Prospectively test the dosing interface vs. standard TDM in

population of interest

7 Implement the dosing interface in clinical care

8 Monitor results after clinical implementation

Abbreviations: DBS = dried blood spot; TDM = therapeutic drug

monitoring.
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recipients. The subsequent integration of this model in a digital inter-

face or software programme needs to take into account stakeholders'

needs and preferences in order to make successful implementation

feasible and successful. Lastly, the platform needs to demonstrate

superiority to the current, standard practice of TDM, preferably in

terms of clinical endpoints rather than (surrogate) PK parameters. For

now, the current practice of TDM will remain standard of care, albeit

expensive and resource intensive. However, we have argued that

algorithm-based dosing could become standard of care in the foresee-

able future and potentially transform current post-transplant care

delivery by taking the physician out of the equation.

4.1 | Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY
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