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Supplementary Tables 

Table S1: Number of included patients per center 

Study Center Included patients (N) 

Heidelberg 121 

Essen 51 

Hamburg 31 

Tübingen 15 

Münster 13 

Hannover 13 

Cologne 11 
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Table S2: Variables included in the multivariable Cox regression model after forward selection for 

risk factor analysis of allograft rejection 

Outcome period Variable HR/Inverse HR (95% CI) P value 

Month 6-12  Early C/D Ratio 3.13 (1.01-9.09) 0.04 

  Everolimus instead of MMF at month 6 5.74 (1.83-18.0) 0.003 

Month > 12 TacIPV 1.04 (1.01-1.05) 0.002 

  Age 0.98 (0.89-1.07) 0.059 

  Modified Vasudev score at month 12 1.13 (1.03-1.23) 0.006 

  

Previous antilymphocyte antibody 

therapy 0.35 (0.09-1.45) 0.148 

Variables included in forward selection: age, number of Tx, HLA-mismatches, alternative agent to MMF at 

month 6 or 12, modified Vasudev score at month 6 or 12, previous antilymphocyte antibody therapy, previous 

rejection episode, previous opportunistic infection. HR, hazard ratio; CI, confidence interval, HLA, human 

leukocyte antigen.  
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Supplementary Methods 

Study Protocol 

Association of intraindividual tacrolimus variability and concentration-to-dose ratio with allograft 

rejection, opportunistic infections and graft dysfunction in pediatric kidney transplant recipients  

 

RATIONALE 

Kidney transplantation (KTx) is the best treatment option for paediatric patients with end-stage kidney 

disease. The introduction of potent immunosuppressants such as the calcineurin inhibitor tacrolimus 

(Tac) have substantially improved short-term transplant outcome. However, long-term graft survival 

remains limited.1 Reasons for premature graft loss are manifold and include allograft rejection, 

recurrence of primary glomerular disease and BK polyoma virus nephropathy.2,3 The majority of 

complications occur due to inadequate immunosuppressive drug exposure. Hence, one pivotal goal of 

KTx research is to optimise immunosuppressive drug exposure to effectively prevent immune 

activation while limiting drug toxicity.  

Tac is the backbone of immunosuppressive therapy in KTx. However, adequate Tac dosing is 

challenging. This has multiple reasons: First, Tac is a critical dose drug in which under-dosing leads to 

allograft rejection while over-dosing bears the risk of nephrotoxicity, neurotoxicity or glucose 

metabolism disorders. Second, Tac pharmacokinetics is characterised by overall low and variably 

bioavailability as well as large inter- and intra-patient variability of blood exposure. Known parameters 

influencing Tac variability include P450 CYP3A  genotype, haematocrit, age, body weight, drug 

interactions, food intake and therapy adherence.4,5  

Given the narrow therapeutic index and high exposure variability, close therapeutic drug 

monitoring is key. The current approach consists in measuring Tac pre-dose blood levels and 

subsequent oral dose adjustment. However, this approach is inherently flawed as drug doses are only 

adjusted retroactively and the wide and time-dependent variable therapeutic target ranges may not 

be suitable for all individuals and clinical settings. Yet, even after more than 30 years of clinical use, 

trough level measurements continue to be the gold standard. As similarly potent immunosuppressive 

agents are currently lacking, Tac will likely remain the cornerstone of immunosuppressive therapy in 

KTx throughout the next decade. Therefore, future research efforts should focus on optimising Tac 

dosing strategies by not only accounting for Tac blood through levels but also novel prognostic 

biomarkers indicative of off-target Tac exposure.  

In this context, Tac intrapatient variability (TacIPV) is increasingly gaining focus. TacIPV is defined 

as fluctuations in Tac blood concentrations in an individual patient over a certain time period in which 

the dose was not changed.6 Although they are several statistical means to quantify TacIPV, the 

coefficient of variation (CV) is most commonly used.6,7 Tac CV is defined as standard deviation divided 

by mean Tac trough level. Another common statistical mean for TacIPV quantification is the Tac 

absolute mean deviation (MAD). The MAD is defined as the mean absolute standard deviation.4,7,8 

Regardless of the type of calculation, the underlying idea of TacIPV is that patients with high TacIPV 

are more frequently exposed to episodes of off-target drug concentrations than recipients with low 

TacIPV. These periods of sub- or supratherapeutic exposure can induce allograft rejection or lead to 

drug toxicity. In fact, a growing body of evidence implicates an association between TacIPV and poor 

graft survival, rejection episodes.9–13 

Another recently proposed prognostic biomarker for transplant outcome is the Tac 

concentration/dose ratio (C/D ratio). The C/D ratio is considered to be a surrogate parameter for Tac 
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clearance, metabolism and an individual’s P450 CYP3A genotype. It is defined as the Tac pre-dose 

blood concentration divided by the corresponding daily dose.14 Recent studies suggested that a low 

C/D ratio (i.e., fast Tac metabolism) is associated with poor graft and patient survival and rejection 

episodes.15–19   

Both TacIPV and C/D ratio are promising predictive biomarkers for the early detection of off-

target Tac exposure before relevant post-transplant complications occur. Their clinical relevance has 

been widely studied in the adult patient population.6,7,9–13 However, comparable studies in pediatric 

kidney transplantation remain limited, in part due to the relatively small number of pediatric 

transplant recipients. Pediatric patients, however, present unique challenges in this context due to 

their distinct metabolic profiles, which often differ significantly from those of adults20,21. 

Consequently, there is a critical need to establish pediatric-specific data for these biomarkers to 

identify patients at risk for suboptimal tacrolimus exposure and treatment failure. This is particularly 

important given their longer expected lifespan and the importance of ensuring long-term graft 

survival.  

Implementing the presented study within the comprehensive CERTAIN registry addresses these 

issues by providing large patient numbers for high statistical power with the aim to define the clinical 

relevance and diagnostic thresholds of TacIPV and C/D ratio in paediatric KTx recipients. An in-depth 

analysis of TacIPV and C/D ratio would facilitate translation into patient care and address the unmet 

clinical need for reliable non-invasive predictive biomarkers for transplant outcome. 

 

STUDY AIMS  

Primary Study Objective  

Evaluation of tacrolimus intrapatient variability (TacIPV) and concentration/dose ratio (C/D ratio) as 

predictive biomarkers for clinical outcome in paediatric KTx recipients. Clinical outcome parameters 

are:  

• Allograft rejection 

• Allograft dysfunction  

• Opportunistic infections  

• Clinical signs of tacrolimus over-exposure  

See below for detailed definition of outcome events.  

 

Secondary Study Objective  

• Definition of potential diagnostic thresholds for TacIPV and C/D ratio  

 

METHODS AND STUDY DESIGN 

This is a retrospective multicentre longitudinal cohort study. The study population consists of KTx 

recipients registered in the CERTAIN database. Inclusion criteria are (i) Tac as part of the 

immunosuppressive maintenance regimen, (ii) complete minimum data set until at least 2 years 

posttransplant. Data will be collected at defined intervals: baseline, months 1, 3, 6, 9 and 12, and every 

six months thereafter. All available tacrolimus trough levels and corresponding drug doses will be 

retrieved from the medical records of the study centers and manually entered into the extended 

dataset after checking for medical plausibility.  

 

Study Procedures 

Patient selection and baseline medical history (Initial Visit) 
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All KTx patients registered in the CERTAIN database will be included in the initial screening. All patients 

with complete follow up until 2 years posttransplant will be included for further analysis. Patients with 

ABO incompatible transplants or those who received additional non-kidney allografts will be excluded. 

Parameters of interest are: 

• Patient history 

o Age, sex, ethnicity 

o Primary renal disease 

• Transplant history 

o Donor type 

o Number of previous transplantations 

o HLA-matching (A, B, DR) 

o Induction therapy 

o Preemptive transplantation 

o Cold ischemia time 

o Tacrolimus tradename 

o Immunosuppressive comedication at month 12 post-transplant 

o Vasudev score modified for paediatric patients at month 6 and 12 post-transplant 

 

Transplant outcome parameters and stratification (all visits > month 1 post-transplant) 

• Transplant outcome stratification (Figure 1):  

o Early transplant outcome (month 6-12 post-transplant)  

o Late transplant outcome ( > month 12 post-transplant) 

• Transplant outcome parameter:  

o Rejection episodes confirmed by biopsy and receiving antirejection therapy, 

categorized based on graft histopathology using the most recent Banff classification 

in effect at the time of rejection  

o Transplant-specific viral infections (BKPyV-, CMV-, EBV-DNAemia) 

o Allograft dysfunction defined as ≥50% decrease of baseline eGFR at 3 months 

posttransplant and/or eGFR < 30 ml/min*1.73m2 without an increase in GFR above 

these thresholds during subsequent study visits. eGFR values > 120 mL/min per 1.73 

m2 at 3 months post-transplant will be set at 120 mL/ min per 1.73 m2. 

o Clinical signs of Tac over-exposure as defined by development of glucose metabolism 

disorders or tacrolimus-associated tremor 

 

Quantification of TacIPV (6-12 months post-transplant) 

Data on Tac whole-blood trough levels is collected from the CERTAIN database. TacIPV is correlated to 

the late transplant outcome only (Figure 1).  

TacIPV is calculated using the following statistical means:  

• Coefficient of variation (CV): CVObs = (standard deviation ÷ mean)*100 and expressed as 

percentage 

• Mean absolute deviation (MAD): MADObs = {[(Xmean-X1) + {[(Xmean-X2) …+ {[(Xmean-Xn)]  ÷ n} ÷

 Xmean, where X is the Tac blood trough level  

 

Quantification of C/D ratio ( 12 months post-transplant) 
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Data on Tac whole-blood trough levels and daily Tac dose is collected from the CERTAIN database. C/D 

ratio is stratified into 

• Early C/D ratio (mean C/D ratio  month 6), which is correlated with early transplant outcome 

(month 6-12) and  

• Late C/D ratio (mean C/D ratio month 6-12), which is correlated to late transplant outcome 

(> year 1) (Figure 1).  

The C/D ratio is calculated using the following formula:  

• Body surface area-corrected C/D ratio: C/D ratioBSA = Tac blood trough level [ng/ml] ÷ (daily 

Tac dose [mg]/body surface area [m2)]) 

 

 
Figure 1: Time period stratification for outcome and biomarker quantification. The early C/D ratio will 

be correlated to the early outcome period (yellow). The late C/D ratio and TacIPV will be correlated to 

the late outcome period (blue).  

 

 

Statistical design 

Continuous variables will be summarized using either mean and standard deviation or median and 

interquartile range, as appropriate. Categorical variables will be described using absolute and relative 

frequencies. Comparisons between subgroups defined by high and low C/D ratio and TacIPV will be 

conducted using t-tests for continuous variables and chi-squared tests for categorical variables. Time-

to-event outcomes will be analyzed using Kaplan-Meier estimators, with comparisons made using log-

rank tests. For multivariable analysis of time-to-event outcomes, Cox proportional hazards regression 

with forward selection will be applied, with variables selected based on medical plausibility. Model 

estimates will be presented with 95% confidence intervals for each measure, such as hazard ratios and 

inverse hazard ratios. Cut-offs for TacIPV and the C/D ratio will be determined by minimizing the log-

rank P values. A P value of <0.05 will be considered statistically significant. 

 

RELEVANCE  

Improving long-term patient and graft survival remains one of the major challenges in paediatric KTx 

medicine. The medical need for reliable non-invasive predictive biomarkers for transplant outcome is 

especially high in the paediatric setting, as children depend even more on a functioning graft due to 

their longer life expectancy. However, biomarker testing and validation is especially challenging in this 

cohort, as it is highly heterogeneous and patient numbers are limited. Investigating promising risk 

stratification tools such as TacIPV and C/D ratio in this large multicentre setting addresses these 

challenges by allowing high statistical power. Evaluating TacIPV and C/D ratio in this large paediatric 

patient cohort facilitates the implementation of these potential biomarkers in the clinical setting and 

potentially improves transplant outcome by allowing early identification of patients at risk for pre-
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mature graft loss and proactive immunosuppressive therapy modifications. If proven useful, TacIPV 

and C/D ratio bear the promise of a potential paradigm shift in the therapeutic drug monitoring of 

tacrolimus. 
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STROBE Statement—checklist of items that should be included in reports of 

observational studies 

 
 

Item 

No. 

Recommendation 

Page  

No. 

Relevant 

text from 

manuscript 

Title and abstract 1 (a) Indicate the study’s design with a 
commonly used term in the title or the 
abstract 

5 Line 91-96 

(b) Provide in the abstract an informative and 
balanced summary of what was done and 
what was found 

5 Line 88-105 

Introduction  

Background/rationale 2 Explain the scientific background and 
rationale for the investigation being reported 

6-7 Line 111-142 

Objectives 3 State specific objectives, including any 
prespecified hypotheses 

6-7 Line 132-142 

Methods  

Study design 4 Present key elements of study design early in 
the paper 

7 Line 145-153 

Setting 5 Describe the setting, locations, and relevant 
dates, including periods of recruitment, 
exposure, follow-up, and data collection 

7-8 Line 145-174 

Participants 6 (a) Cohort study—Give the eligibility criteria, 
and the sources and methods of selection of 
participants. Describe methods of follow-up 
Case-control study—Give the eligibility 
criteria, and the sources and methods of case 
ascertainment and control selection. Give the 
rationale for the choice of cases and controls 
Cross-sectional study—Give the eligibility 
criteria, and the sources and methods of 
selection of participants 

6-7 Line 119-129 

(b) Cohort study—For matched studies, give 
matching criteria and number of exposed and 
unexposed 
Case-control study—For matched studies, give 
matching criteria and the number of controls 
per case 

NA  

Variables 7 Clearly define all outcomes, exposures, 
predictors, potential confounders, and effect 
modifiers. Give diagnostic criteria, if 
applicable 

9-10 Line 184-221 

Data sources/ 
measurement 

8*  For each variable of interest, give sources of 
data and details of methods of assessment 
(measurement). Describe comparability of 
assessment methods if there is more than one 
group 

9-10 Line 184-221 

Bias 9 Describe any efforts to address potential 
sources of bias 

10-11 Line 223-235 

Study size 10 Explain how the study size was arrived at 8-9 Line 176-183, 
Figure 1 
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Quantitative 
variables 

11 Explain how quantitative variables were handled in the 
analyses. If applicable, describe which groupings were 
chosen and why 

10-11 Line 223-
235 

Statistical 
methods 

12 (a) Describe all statistical methods, including those 
used to control for confounding 

10-11 Line 223-
235 

(b) Describe any methods used to examine subgroups 
and interactions 

10-11 Line 223-
235 

(c) Explain how missing data were addressed 11 Line 232-
233 

(d) Cohort study—If applicable, explain how loss to 
follow-up was addressed 
Case-control study—If applicable, explain how 
matching of cases and controls was addressed 
Cross-sectional study—If applicable, describe analytical 
methods taking account of sampling strategy 

NA  

(e) Describe any sensitivity analyses NA  

Results 

Participants 13* (a) Report numbers of individuals at each stage of 
study—eg numbers potentially eligible, examined for 
eligibility, confirmed eligible, included in the study, 
completing follow-up, and analysed 

29 Figure 1 

(b) Give reasons for non-participation at each stage 29 Figure 1 

(c) Consider use of a flow diagram 29 Figure 1 

Descriptive data 14* (a) Give characteristics of study participants (eg 
demographic, clinical, social) and information on 
exposures and potential confounders 

11 Line 238-
248, Table 

1 

(b) Indicate number of participants with missing data 
for each variable of interest 

11 Line 232-
233 

(c) Cohort study—Summarise follow-up time (eg, 
average and total amount) 

29 Table 1 

Outcome data 15* Cohort study—Report numbers of outcome events or 
summary measures over time 

9 Line 184-
201 

Case-control study—Report numbers in each exposure 
category, or summary measures of exposure 

  

Cross-sectional study—Report numbers of outcome 
events or summary measures 

  

Main results 16 (a) Give unadjusted estimates and, if applicable, 
confounder-adjusted estimates and their precision (eg, 
95% confidence interval). Make clear which 
confounders were adjusted for and why they were 
included 

34 Table S2 

(b) Report category boundaries when continuous 
variables were categorized 

NA  

(c) If relevant, consider translating estimates of relative 
risk into absolute risk for a meaningful time period 

NA  

Continued on next page   



 12 

Other analyses 17 Report other analyses done—eg analyses of subgroups and 
interactions, and sensitivity analyses 

NA  

Discussion 

Key results 18 Summarise key results with reference to study objectives 14 Line 
313-321 

Limitations 19 Discuss limitations of the study, taking into account sources of 
potential bias or imprecision. Discuss both direction and 
magnitude of any potential bias 

15-16 Line 
347-360 

Interpretation 20 Give a cautious overall interpretation of results considering 
objectives, limitations, multiplicity of analyses, results from 
similar studies, and other relevant evidence 

16 Line 
361-366 

Generalisability 21 Discuss the generalisability (external validity) of the study 
results 

16 Line 
361-366 

Other information  

Funding 22 Give the source of funding and the role of the funders for the 
present study and, if applicable, for the original study on 
which the present article is based 

3 Line 46-
53 

 

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and 

unexposed groups in cohort and cross-sectional studies. 

 

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological 

background and published examples of transparent reporting. The STROBE checklist is best used in conjunction 

with this article (freely available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of 

Internal Medicine at http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the 

STROBE Initiative is available at www.strobe-statement.org. 
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