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Abstract: Background/Objectives: Tacrolimus dosing traditionally relies on therapeutic
drug monitoring in whole blood, while assessment in plasma may better reflect its effect
and reveal overdosing impacting health-related quality of life (HRQoL). Methods: In this
cross-sectional study, 898 kidney transplant recipients (KTRs) who were at least 12 months
post-transplantation were included. Plasma and whole blood tacrolimus concentrations
were compared using Passing—Bablok regression analyses and Bland—Altman plots. Fur-
thermore, the relationship with daily tacrolimus dose and with HRQoL (mental component
summary (MCS), physical component summary (PCS)) was explored using linear regres-
sion by comparing standardized coefficients. Lastly, mediation analyses explored the effect
of various tacrolimus-related side effects on the association between tacrolimus concen-
trations and HRQoL. Results: Comparison of the methods revealed a constant bias and a
slight proportional bias between whole blood and plasma tacrolimus concentrations. The
Bland-Altman plots indicated poor agreement with a statistically significant ratio difference
(p < 0.001). Both whole blood and plasma concentrations were significantly associated with
daily tacrolimus dose (both p < 0.001). Compared to whole blood tacrolimus concentrations,
plasma tacrolimus concentration showed a strong negative association with worse HRQoL
(PCS: st. B =—-0.12, p = 0.01; MCS: st. 3 = —0.14, p < 0.001). The associations between
plasma tacrolimus concentrations and HRQoL were mediated by fatigue severity (pro-
portion mediated on PCS: 67.8%, MCS: 59.5%) and reduced kidney function (proportion
mediated on PCS: 16.7%, MCS: 12.9%). Conclusions: In conclusion, compared with whole
blood tacrolimus concentrations, plasma tacrolimus concentrations exhibited a negative
association with HRQoL in KTRs. Consequently, therapeutic drug monitoring using plasma
tacrolimus concentrations may reduce the occurrence of tacrolimus-related toxicity.
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1. Introduction

Tacrolimus has been the cornerstone of immunosuppression after kidney transplanta-
tion since the 1990s and has played a leading role in improving the 5-year survival rates in
kidney transplant recipients (KTRs) [1]. At the same time, tacrolimus is known for its wide
range of adverse events, in particular, nephrotoxicity, neurotoxicity, and the development
of post-transplantation diabetes mellitus (PTDM) and gastrointestinal toxicity [2]. As a
result, the use of tacrolimus can have a tremendous impact on patients’” morbidity and
health-related quality of life (HRQoL) [3].

Tacrolimus binds extensively to erythrocytes and circulating plasma proteins includ-
ing albumin and o-acid glycoprotein, leaving only 0.3-2% as the free active fraction in
plasma [4]. The narrow therapeutic window and large variety of side effects, together with
the high inter- and intra-patient pharmacokinetic variability of tacrolimus, require thera-
peutic drug monitoring (TDM) [2]. Due to limitations of the analytical techniques available
at the time of introduction of tacrolimus as an immunosuppressive drug, assessment of
plasma concentrations was not yet feasible. Thus, TDM has historically relied on the assess-
ment of whole blood concentrations [5]. During the last decade, the relationship between
whole blood tacrolimus concentrations and outcomes has been studied extensively, along
with refinement of the therapeutic range for whole blood tacrolimus TDM to minimize
adverse effects and improve effectiveness [5]. However, the use of whole blood trough
levels for TDM is currently debated since the relationship with clinical outcomes is not
always apparent [5,6]. From a clinical perspective, determining either the free effective
fraction of tacrolimus or the concentration within its active compartment, i.e., within T-
cells, seems to be preferable [7,8]. However, determining the free fraction of tacrolimus
or intracellular concentrations remains methodologically challenging and is not easily
standardized [9-12]. Due to advances in analytical methodology, a possible solution is now
to determine plasma tacrolimus levels, which linearly correlate with unbound tacrolimus
plasma concentrations [4].

Therefore, the current study investigated whether plasma tacrolimus levels exhibited
a stronger association with HRQoL than whole blood tacrolimus levels in KTRs. First, we
compared plasma and whole blood tacrolimus levels and daily tacrolimus doses. Second,
we compared the relationship between plasma and whole blood tacrolimus levels and
HRQoL and explored the mediating effect of various tacrolimus-related side effects.

2. Materials and Methods
2.1. Patient Population and Study Design

The present study falls within the scope of the TransplantLines Biobank and Cohort
Study at the University Medical Center Groningen (UMCG), the Netherlands (Clinical-
Trials.gov identifier: NCT03272841) [13]. Participants include new transplant candidates,
previously transplanted patients who received their graft prior to the start of Transplant-
Lines, and (potential) living kidney or liver donors. All participants provided written
informed consent prior to their inclusion. The study was approved by the local Medical
Ethical Committee (METc 2014/077). All procedures were in accordance with the Declara-
tion of Helsinki and the Declaration of Istanbul. The manuscript was prepared following
the Strengthening the Reporting of Observation Studies in Epidemiology (STROBE) guide-
lines [14]. For the current study, we included data of KTRs with a functional graft for at
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least 12 months post-transplant and documented tacrolimus use. Subjects were excluded if
blood samples were hemolytic or if peak levels of tacrolimus were determined.

For included subjects, demographic and clinical data were extracted from medical
records. Clinical examinations were performed during a study visit at the outpatient clinic.
On the day of inclusion, blood samples were obtained after an overnight fasting period of 8
to 12 h and before morning dosage of tacrolimus.

Most transplant recipients received tapering triple-immunosuppressive therapy con-
sisting of prednisolone, mycophenolate mofetil, and tacrolimus. Tacrolimus dosing was
individualized through TDM to achieve whole blood trough concentrations of 4-6 ng/mL
from six months or longer after transplantation.

2.2. Tacrolimus Analyses

Prior to the study visit, 10 mL EDTA blood samples were collected for both whole
blood tacrolimus monitoring and tacrolimus plasma analyses. Beforehand, patients were
instructed to administer tacrolimus in case of a once-daily dosing regimen at 10:00 a.m.
and for a twice-daily dosing regimen at 10:00 a.m. and 10:00 p.m. Blood sampling was
generally performed at ~8:00 a.m., which was considered to be ~10 h or ~22 h after
the last drug administration. Whole blood samples were analyzed within 4 h and were
processed to plasma within the same time frame by centrifugation at 1300 x g for 10 min
at room temperature (20 °C). Plasma samples were subsequently stored at —80 °C until
analysis, which was performed within 3 freeze-thaw cycles. The lower limit of quan-
tification (LLOQ) of the method was 0.05 pg/L, while for some patients the tacrolimus
plasma levels were below this threshold, but tacrolimus could still be detected. To avoid
exclusion of these patients and since measurements below the LLOQ are unreliable, the
imputation method of 1/2 of the LLOQ was chosen. Thus, plasma concentrations were set
at 0.025 pg/L [15]. All tacrolimus analyses were performed at the Laboratory of Clinical
Pharmacy and Pharmacology at the UMCG using a TSQ Quantiva Mass Spectrometer with
Vanquish UHPLC system, both from Thermo Fisher Scientific (Waltham, MA, USA), using a
validated high-throughput LC-MS/MS method [16-18]. Zijp et al. published the precision
data for the used method [18].

2.3. Health-Related Quality of Life

To assess HRQoL, participants completed the 36-item Short-Form Health Survey
(SF-36) [19]. The SE-36 can be divided into eight subdomains: physical functioning, role
limitations due to physical health problems, bodily pain, general health perceptions, en-
ergy/fatigue or vitality, social functioning, role limitations due to personal or emotional
problems, and general mental health [20]. All scales range from 0 to 100, with higher scores
indicating higher levels of functioning or well-being.

These subdomains can be aggregated into two summary scores: the physical compo-
nent summary (PCS) and the mental component summary (MCS). The component summary
scores were calculated using a standardized three-step procedure: all eight subscale scores
were standardized using a linear z-score transformation using normative data from the
1998 US general population [21]. Next, the z-scores were multiplied by the subscale factor
score coefficients derived from the oblique factor rotation, which allows for correlation
of the physical and mental health constructs, and were subsequently summed. Finally,
t-scores were calculated by multiplying the obtained PCS and MCS sums by 10 and adding
50 to the product, to yield a mean of 50 and a standard deviation of 10 for the US norm
population [22].



Pharmaceutics 2025, 17, 590

40f21

2.4. Tacrolimus-Related Side Effects

The following section outlines the data collection methods and procedures used to
assess the various tacrolimus-related side effects. To assess fatigue, participants completed
the Checklist Individual Strength 20-revised (CIS20-R), which was developed as a self-
reported multidimensional instrument to assess qualitatively distinct and relevant aspects
of fatigue [23]. For the analyses in the current study, the subscale fatigue severity was used,
which ranges from 8 to 56, with higher scores indicating a higher level of fatigue. Sleep
quality was assessed using the Pittsburgh Sleep Quality Index (PSQI), a validated 19-item
questionnaire that assesses seven components of sleep quality [24]. Duration of sleep, sleep
disturbances, sleep latency, daytime dysfunction due to sleepiness, sleep efficiency, overall
sleep quality, and sleep medication use were scored and combined into a final score ranging
from 0 to 21, with higher scores indicating poorer sleep quality. Recently, it has been shown
that KTRs suffer from dysbiosis, a disruption in the balance of the gut microbiome, and
that immunosuppressive drugs are a driving factor [25]. Therefore, the Shannon Diversity
Index, a measure of the overall diversity of the gut microbiome, which is often decreased in
dysbiosis, was included in the current study as a tacrolimus-related patient outcome [26].
The Shannon Diversity Index was calculated on species abundance data obtained from pre-
viously performed fecal metagenomics. A detailed method section can be found in Swarte
et al. [25]. Another side effect of tacrolimus is diarrhea, which is highly underreported in
regular questionnaires in transplant patients [27]. Diarrhea was assessed by measuring
stool water content, of which detailed methods are described in Douwes et al. [27]. As
a representor for kidney function, the estimated glomerular filtration rate (eGFR) was
calculated using the CKD-EPI formula, which is validated and differentiated by sex and
plasma creatinine levels [28]. Creatinine analyses were performed using a Roche Cobas
8000 platform (Roche, Mannheim, Germany). Creatinine measurements were calibrated to
the isotope-dilution mass spectrometry reference method. PTDM was defined as diabetes
that developed in the post-transplant period, excluding transient post-transplant hyper-
glycemia that may occur in the early post-transplant period [29-31]. Since all participants
in the current study were enrolled at least 12 months after transplantation, diabetes was
defined as a fasting plasma glucose higher than or equal to 7.0 mmol/L, HbAlc above
or equal to 48 mmol/mol, or the use of antidiabetic medication [29]. Analyses of fasting
blood glucose were performed using a Roche Cobas 8000 platform (Roche, Mannheim,
Germany), and HbAlc levels were determined using a Tosoh G8 (ion exchange HPLC)
(Tosoh/Sysmex Europe, Norderstedt, Germany). Information on alopecia was obtained
from the updated and validated 59-item Modified Transplant Symptom Occurrence and
Symptom Distress Scale (MTSOSD-59R), in which subjects rated, amongst other symptoms,
the occurrence of alopecia [32]. Tremor was assessed using a Dutch translation of the
Fahn-Tolosa-Marin Tremor Rating Scale part C (TRS-C), which includes eight questions as-
sessing patient-perceived tremor occurrence during activities of daily living [33]. Scores are
summed to a maximum of 32, with higher scores indicating more severe tremor symptoms.
The Fahn-Tolosa—Marin scale has been shown to be a valid tool for assessing tremor in
clinical practice; for logistical reasons, only part C was evaluated in patients in the current
study [34].

2.5. Statistical Analyses

Continuous variables with a normal distribution were described as mean + standard
deviation or as median [interquartile range] if the distribution was skewed. Histograms
and Q-Q plots were used to assess the distribution of continuous variables. Categorical
variables were presented as frequencies with percentages.
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To compare the methods of tacrolimus whole blood concentrations with tacrolimus
plasma concentrations and to investigate any linear relationship between the methods,
Passing—Bablok regression analyses were performed. The Passing—Bablok regression
method is a robust, non-parametric method, which is not sensitive to non-normally dis-
tributed errors and outliers in the data, making it a suitable approach for comparing
measurements from different analytical methods allowing to determine any systematic
bias between them [35]. Furthermore, to evaluate the agreement between whole blood
tacrolimus concentrations and plasma tacrolimus concentrations, Bland—-Altman absolute
difference plots and Bland—Altman ratio difference plots were produced (the ratio was
calculated as plasma tacrolimus/whole blood tacrolimus). For these analyses, scaled values
of plasma and whole blood tacrolimus concentrations were calculated by dividing the
respective concentration by the standard deviation of plasma or whole blood tacrolimus of
KTRs. Assumptions of normality and homoscedasticity of the residuals were checked with
visual evaluation of the Q-Q plot and residual plots, respectively [36]. We followed the
guidelines from the European Medicines Agency (EMA), which state that any two methods
can be considered to be in agreement if their difference is within £20% around the mean
difference for >67% of the samples [37].

To assess the relation between whole blood and plasma tacrolimus concentrations
and the respective daily tacrolimus doses, linear regression analyses were performed.
To prevent collinearity, in two separate regression models either whole blood or plasma
tacrolimus concentration was tested as an independent variable. The residuals of the linear
regression models were plotted and checked for normal distribution. Subsequently, to
assess whether plasma tacrolimus concentration better reflect the daily tacrolimus dose
than whole blood tacrolimus concentration, we tested whether the standardized regression
coefficient of the former was significantly larger than that of the latter using bootstrapping
with 1000 replications. The proportion of replications for which the standardized regression
coefficient of plasma tacrolimus concentration was smaller than or equal to the standardized
regression coefficient of whole blood tacrolimus concentration, determined the significance
of this test.

To investigate the association of whole blood and plasma tacrolimus concentrations
with the primary outcome PCS and MCS of HRQoL, the same methodology as described
above was followed. We tested for effect modification by age and sex. Additionally, sen-
sitivity analyses with adjustment of whole blood tacrolimus levels for hematocrit were
performed since it has been shown that patients with low hematocrit exhibit a larger differ-
ence between whole blood and unbound tacrolimus concentrations [4]. The hematocrit-
corrected whole blood tacrolimus model was compared with the crude model with plasma
tacrolimus concentration. Furthermore, sensitivity analyses were added that assessed the
intra-patient variability (IPV) of plasma tacrolimus concentrations and its association with
the PCS and MCS of HRQoL. IPV was calculated by dividing the standard deviation by
the mean of two repeated measurements of plasma tacrolimus concentrations per patient
and multiplying by 100. This provided a coefficient of variability (COV) per patient. No
repeated measurements of HRQoL were available for this cohort.

To unravel possible mediators for the association found between plasma tacrolimus
and HRQoL, mediation analyses were performed with the following tacrolimus-related
side effects as possible mediators: fatigue, sleep quality, gut microbiome dysbiosis, diarrhea,
kidney function, PTDM, alopecia, and tremor. First, assumptions for mediation analyses
were checked, which included assessing the significant associations between the potential
mediator and plasma tacrolimus concentration and the association between the potential
mediator and HRQoL controlling for plasma tacrolimus concentration. Mediation analyses
were then performed according to the method of Preacher and Hayes [38,39]. The mediated
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proportion was calculated as the ratio of the indirect effect and total effect of plasma
tacrolimus on HRQoL. It indicates the extent to which the mediating variable explains the
total effect.

SPSS version 28 for Windows (IBM, Armonk, NY, USA) and R Statistical Software
version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria) were used for
statistical analyses. p values < 0.05 were considered statistically significant. Due to
logistical constraints inherent in conducting a large cohort study, some data points were
missing for certain KTRs (as outlined in Section 3.1). For each analysis, only participants
with complete data relevant to that specific analysis were included, resulting in varying
sample sizes reported for each analysis.

3. Results
3.1. Study Population

In the current study, 898 KTRs were included, with a mean age of 55.1 £ 13.8 years
(Table 1). One subject was excluded due to hemolysis of the blood sample, and 25 subjects
were excluded because of measurement of tacrolimus peak levels (Figure 1).

Table 1. Baseline characteristics of study population.

N 898
Demographics
Age, years 55.1 £13.8
Sex, n (%) female 333 (37.1)
Time since Tx, years 1.03 [1.00-3.72]
Tacrolimus
Dose TAC, mg/day 1 3.0 [2.0-4.0]
Whole blood TAC levels, pg/L 2 57+19
Plasma TAC levels, ug/L 3 0.13 4 0.07
HRQoL
PCS 4 471495
MCS > 51.3 + 8.0
Tacrolimus-related side effects
Chronic fatigue, CIS20R 6 26.6 +£13.2
Sleep quality, PSQI 7 5.0 [3.0-7.0]
Shannon diversity index 8 23405
Water percentage stool sample * 7514 6.6
Kidney function, eGFR 53.5 + 18.7
PTDM 10 171 (19.7)
Alopecia, MTSOSD-59R 1 256 (38.4)
Tremor, TRS-C 12 0[0-9]

TAC: tacrolimus, HRQoL: health-related quality of life, PCS: physical component summary, MCS: mental compo-
nent summary, PTDM: post-transplantation diabetes mellitus. Missing data (N): 131;235;392; 4 254; 5 254; ¢ 244;
7 282;8 399; 9 598; 10 31, 11 231, 12 657.

Assessed for eligibility (n=924)

Excluded (n=26)

RIK Hemolysis of blood sample (n=1)
. Measurement of tacrolimus peak
level (n=25)

A 4

Analyzed in current study (n=898)

Figure 1. Flowchart.
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3.2. Comparison of Tacrolimus Concentrations in Whole Blood and Plasma

Among KTRs, different tacrolimus formulations were prescribed: 573 KTRs (63.8%)
used Prograf, 224 KTRs (24.9%) used Advagraf, 89 KTRs (9.9%) used Envarsus, and for
12 KTRs (1.3%), the formulation was unknown. The mean whole blood tacrolimus concen-
tration was 5.7 & 1.9 ug/L (range: 1.0-16.3) and mean plasma tacrolimus concentration
was 0.13 = 0.07 pug/L (range: 0.03-0.65). In total, 35 KTRs (4.3%) had a plasma tacrolimus
concentration below 0.05 pg/L. The median plasma tacrolimus concentration of KTRs with
BLOQ levels was 0.04 [0.03-0.05] pg/L (the actual measurement was unavailable for 1 KTR
of the 35 KTRs with values BLOQ). When we repeated all the statistical analyses, with these
BLOQ values included rather than the values set at 0.025 pg/L, all the results remained
materially unchanged.

We compared tacrolimus measured in whole blood and plasma using Passing-Bablok
regression analyses and Bland—Altman plots (Table 2 and Figure 2). The scaled whole blood
tacrolimus versus plasma tacrolimus concentration showed a constant bias and a slight
proportional bias. Bland—Altman analyses showed no absolute difference between scaled
whole blood tacrolimus and scaled plasma tacrolimus concentrations, but a statistically
significant ratio difference was observed (p < 0.001, Table 2 and Figure 3). In total, 36% of
the paired concentrations were within £20% of the mean ratio, not meeting the predefined
minimum of >67% [37]. These results indicate poor agreement and therefore suggest that
plasma and whole blood tacrolimus concentrations cannot be interpreted interchangeably.

Table 2. Comparison between scaled whole blood and plasma tacrolimus concentrations.

Passing-Bablok Regression Analyses

N Intercept (95% CI) Slope (95% CI)
KTR 797 1.05 (0.89-1.22) 1.10 (1.00-1.21)
Bland-Altman Analyses
Bland-Altman Absolute Differences Bland-Altman Ratio Differences
Bias (95% CI) 95% LOA (bias + 1.96 SD)  p-Value Bias (95% CI) 95% LOA (bias £ 1.96 SD)  p-Value
0.002 (—0.07-0.08) —3.06-0.64 0.96 0.12 (0.10-0.14) 0.08-1.14 <0.001

TAC: tacrolimus, CI: confidence interval, LOA: limits of agreement, SD: standard deviation.

Scaled Whole Blood TAC Concentration

Pearson's r = 0.550

2 4 6 8

Scaled Plasma TAC Concentration

Figure 2. Passing-Bablok regression fit of scaled whole blood versus plasma tacrolimus concentra-
tions. TAC: tacrolimus. Passing—Bablok fit of scaled tacrolimus plasma concentration versus scaled
tacrolimus whole blood concentration (solid black line), with 95% confidence interval (grey area) and
line of identity (dotted red line).
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Difference between scaled TAC Measurements >

BA absolute difference plot

@

BA ratio difference plot

-10

2,57

2.01

1.51

1.0

0.5

Ratio of scaled TAC Measurements

0.0

TAC Dosage

7.5

5.0

2.5

Average of scaled TAC Measurements

4 6 8 2 4 6 8
Average of scaled TAC Measurements

Figure 3. Comparison of scaled whole blood vs. plasma tacrolimus concentrations. BA: Bland-
Altman, TAC: tacrolimus. (A) Bland—Altman absolute difference plot of scaled tacrolimus whole
blood vs. scaled plasma concentrations in KTRs, with mean difference (solid green line) and upper
and lower limits of agreement (dashed green lines) based on the standard Bland—-Altman formulae,
with difference as a linear function of the mean (dotted grey line), predicted difference corrected for
heteroscedasticity using the ratio of the data (solid red line), and the corresponding upper and lower
limits of agreement (dashed red lines). (B) Bland—-Altman ratio difference plot of scaled tacrolimus
whole blood vs. scaled plasma concentrations in KTRs, with mean difference (solid red line) and
upper and lower limits of agreement (dashed red lines). N.B. The grey area represents the £20%
limits around the mean difference between scaled tacrolimus whole blood and plasma concentrations.

3.3. Tacrolimus Concentrations and Dose Associations

The associations of whole blood and plasma tacrolimus concentrations with the
tacrolimus dose were statistically significant (both p < 0.001), see Figure 4. When compar-
ing the plasma tacrolimus model with the whole blood tacrolimus model, no statistically
significant difference was found between the bootstrap standardized regression coefficients
(Table 3).

15

10

o e

TAC Dosage

4

8 12 16 0.0 0.2 0.4 0.6

Whole blood TAC concentration Plasma TAC concentration

Figure 4. Relation of whole blood and plasma tacrolimus concentrations and daily tacrolimus dose.
TAC: tacrolimus. (A) Scatterplot with regression line (solid black line) for association between whole
blood TAC concentrations and daily TAC dosage. (B) Scatterplot with regression line (solid black
line) for association between plasma TAC concentrations and daily TAC dosage.
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Table 3. Association of whole blood and plasma TAC concentrations with daily tacrolimus dose.

Whole Blood TAC Plasma TAC

N

Coef 3 (95% CI)

-Value !
St. B p-Value N Coef 3 (95% CI) St. B p-Value p-vatue

858

0.17 (0.09-0.26)

0.14 <0.001 803 4.43(2.17-6.70) 0.13 <0.001 0.54

TAC: tacrolimus. Outcome variable: daily TAC dose. Linear regression analyses, normal distribution of residuals
was checked. ! Testing proportional difference of bootstrap standardized p (1000 replications).

3.4. Assessment of Tacrolimus Concentrations and Health-Related Quality of Life

To test the hypothesis that plasma tacrolimus concentrations exhibit a stronger negative
association with HRQoL than whole blood concentrations, the standardized regression
coefficients of the whole blood and plasma tacrolimus concentrations were compared using
a bootstrap procedure.

As shown in Table 4, higher plasma tacrolimus concentrations were statistically signif-
icantly associated with lower PCS and MCS (p = 0.003, p < 0.001, respectively); however, no
statistically significant association was found between whole blood tacrolimus concentra-
tions and PCS and MCS. When comparing the plasma tacrolimus model with the whole
blood tacrolimus model, the bootstrapped standardized coefficients for the associations of
plasma tacrolimus with the PCS and MCS were significantly lower than those for whole
blood tacrolimus (PCS: st. = —0.12 vs. —0.03, p = 0.01; MCS; st. 3 = —0.14 vs. 0.001,
p <0.001). No effect modification by age or sex was found (see Appendix A, Table A1).

Table 4. Association of whole blood and plasma TAC concentrations with HRQoL.

Whole Blood TAC Plasma TAC

N

Coef 3 (95% CI) St. B p-Value N Coef B (95% CI) St. B p-Value

p-Value !

PCS

618 —0.14

—0.03 0.52 593 —1694 —0.12 0.003 0.01

(—0.55-0.28) (—27.97-5.90)

MCS

618 0.004

0.001 0.98 593 —1601 —0.14 <0.001 <0.001

(—0.35-0.36) (—25.34-6.68)

PCS: physical component summary, MCS: mental component summary, TAC: tacrolimus. Outcome variable: PCS
or MCS, HRQoL. Linear regression analyses, normal distribution of residuals was checked. ! Testing proportional
difference of bootstrap standardized 3 (1000 replications).

In sensitivity analyses, whole blood tacrolimus adjusted for hematocrit was not sta-
tistically significantly associated with PCS or MCS. When comparing the crude plasma
tacrolimus model with the adjusted whole blood tacrolimus model, the results of the
primary analysis were confirmed (see Appendix A, Table A2).

In additional sensitivity analyses, IPV was assessed in a subset of the study cohort. In
162 KTRs, tacrolimus plasma concentrations were measured at 12 months and 24 months
after transplantation. There was no significant difference in the plasma concentration of
tacrolimus at 12 and 24 months after transplantation (Wilcoxon signed-rank test, V = 8734,
p = 0.20; see Appendix B, Figure A1A). In total, 71 KTRs had a COV > 30%, which is
considered a high IPV (see Appendix B, Figure A1B) [40]. Next, we analyzed whether
COV was associated with HRQoL by correlating COV with PCS and MCS. COV was not
significantly associated with the PCS or MCS (r = 0.01, p = 0.88 and r = 0.04, p = 0.59,
respectively, see Appendix B, Figure A1C,D).

3.5. Mediation Effects on Health-Related Quality of Life

To identify potential mediators of the statistically significant association found between
plasma tacrolimus and the PCS and MCS of HRQoL, mediation analyses were performed.
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Assessing the relationship between plasma tacrolimus concentration and the potential
mediators revealed a statistically significant association with fatigue severity (st. 3 = 0.11,
p = 0.01), gut microbiome dysbiosis (st. B = —0.14, p = 0.002), and kidney function (st.
3 = —0.14, p < 0.001). No association was found between plasma tacrolimus concentration
and sleep quality, diarrhea, PTDM, alopecia, or tremor.

As shown in Figure 5, fatigue severity was found to be a partial mediator of the effect
of plasma tacrolimus on the PCS (proportion mediated: 67.8%) and the MCS (proportion
mediated: 59.5%), without significant direct effect. Furthermore, lower kidney function
was found to be a partial mediator between plasma tacrolimus and the PCS (proportion
mediated: 16.7%) and the MCS (proportion mediated: 12.9%). Importantly, the direct
effect between kidney function and the PCS (st. = —0.11; p = 0.03) and the MCS (st.
f = —0.12, p = 0.004) remained statistically significant. Sleep quality, gut microbiome
dysbiosis, diarrhea, PTDM, alopecia, and tremor did not function as mediators between
plasma tacrolimus and the PCS and MCS of HRQoL. The detailed results can be found in
Appendix C.

PCS MCS

Total

Fatigue - IE;

Total
| |
. . |
Kidney function | IE; |-.||
| |
DE: I & i | I ® / |

-0.25-0.20-0.15-0.10-0.05 0.00-0.25-0.20-0.15-0.10-0.05 0.00
Change in plasma TAC concentration

Figure 5. Forest plot of mediation effects of tacrolimus side effects on the associations of plasma
tacrolimus with physical and mental component scores. PCS: physical component summary, MCS:
mental component summary, DE: direct effect, IE: indirect effect, TAC: tacrolimus. Data are pre-
sented as point estimates (linear regression beta coefficients) and 95% confidence intervals (beta
coefficient +1.96 (standard error [beta coefficient]).

4. Discussion

In the current study, plasma tacrolimus levels were associated with worse HRQoL,
whereas whole blood tacrolimus levels did not show a statistically significant association.
We found that fatigue and reduced kidney function mediated part of the associations
between plasma tacrolimus concentrations and HRQoL. Additionally, we demonstrated
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that plasma and whole blood tacrolimus levels cannot be used interchangeably due to
bias and poor agreement between these two methods in KTRs. The daily administered
tacrolimus dose was strongly associated with tacrolimus concentrations, measured in either
whole blood or plasma.

When comparing the method of determining plasma tacrolimus levels to whole blood
tacrolimus levels, Passing—Bablok regression and Bland—Altman ratio difference plots
showed that plasma and whole blood tacrolimus cannot be used interchangeably. We
demonstrated that high whole blood tacrolimus levels do not necessarily reflect high
plasma tacrolimus levels. This conclusion is supported by the findings of Sikma et al., who
showed a non-linear relationship between whole blood and unbound tacrolimus plasma
concentrations in recipients early after thoracic organ transplantation, especially for higher
whole blood concentrations [4]. Interestingly, both whole blood and plasma tacrolimus
concentrations were significantly associated with daily tacrolimus dose; however, the
association between particularly higher whole blood tacrolimus concentrations and dose
seems less evident (see Figure 4). In clinical practice, this means that TDM based on whole
blood tacrolimus concentration, especially at higher levels, seems less reliable. In line with
this, it was shown that patients with a low hematocrit were likely to have lower whole
blood tacrolimus concentrations while the unbound concentration or plasma concentration
remained around the population mean [4,41]. This phenomenon could be explained by
saturation of the binding receptors for FK506 (tacrolimus) on erythrocytes which are
the immunophilins FKBP1, and FKBP;3 [25]. Consequently, in clinical practice, dose
adjustment based on whole blood TDM in patients with low hematocrit levels would most
likely lead to overdosing and consequently increase the risk of tacrolimus-related toxicity.
Another interesting observation is that CYP3A4/5 genetic polymorphisms are associated
with variations in the absorption and clearance of tacrolimus during intestinal and hepatic
metabolism, resulting in changes to the exposure and starting dose of tacrolimus [42,43].
Since information on these genetic polymorphisms is lacking in the current study cohort, it
remains unclear whether these variations are equally detectable in plasma tacrolimus levels.
Interestingly, CYP3A5 genetic polymorphisms have so far not been shown to influence
IPV of whole blood tacrolimus [44]. Future studies should investigate whether the IPV of
plasma tacrolimus concentrations is affected by these genetic polymorphisms.

In the current study, we found, compared to whole-blood tacrolimus levels, a statis-
tically significant association of plasma tacrolimus levels with lower levels of PCS and
MCS (HRQoL) in KTRs. Considering the pharmacokinetics of tacrolimus, our findings
confirm the important role of the free fraction of tacrolimus as the effective part, which was
previously shown to be linearly related to plasma tacrolimus concentrations [4]. Measuring
plasma tacrolimus concentrations might more accurately reflect toxicologically relevant
concentrations of the drug and may therefore better correlate with clinical outcomes such
as HRQoL. Interestingly, several studies have suggested the use of hematocrit-corrected
whole blood concentrations in clinical practice, considering the bio-analytical challenges of
determining plasma tacrolimus concentrations due to the susceptibility to hemolysis [4,45].
However, as shown in a sensitivity analysis of the current study, plasma tacrolimus con-
centrations were statistically significantly associated with worse PCS and MCS of HRQoL,
whereas hematocrit-corrected whole blood levels did not exhibit any association with
HRQoL (see Appendix A, Table A2). Previous studies have shown that many adverse
effects of tacrolimus are dose-related, i.e., nephrotoxicity, neurotoxicity, glucose metabolism
disturbances, and gastrointestinal disturbances [46]. In line with existing literature, we
showed that fatigue and reduced kidney function partially mediated the relationship be-
tween plasma tacrolimus concentrations and HRQoL in KTRs. To summarize, our data
may suggest the superiority of measuring plasma tacrolimus concentrations for TDM in
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minimizing post-transplant side effects. However, future research is needed to investigate
the relationship between plasma tacrolimus concentrations and the main therapeutic goals
of preventing graft rejection and ensuring graft survival.

This study is a first step in investigating whether the above-described non-linear
relationship between whole blood and plasma tacrolimus levels is reflected in tacrolimus-
related toxicity as expressed by HRQoL. Important to note is that several medications
commonly used among KTRs, including antifungal agents and calcium channel block-
ers, can affect tacrolimus concentrations, which should be considered when interpreting
the results [47]. Medication use in this study population is displayed in Appendix D
(Table A13).

A limitation of the current study was that the cross-sectional study design did not
allow the analysis of causal relationships between tacrolimus levels and quality of life; longi-
tudinal studies are required to assess the effect of the treatment. Tacrolimus concentrations
are known to vary widely between and within patients, and a single trough concentration
is limited in estimating the area under the blood concentration-time curve (AUC), which
reflects total drug exposure. However, trough concentrations are used in common practice
and have been correlated with clinical outcomes, where the patients in this cohort are at
least 12 months after transplantation and therefore regarded as relatively stable [48,49].
For the subanalysis of IPV, it is important to note that we had a relatively low number of
patients with repeated measurements at two time points. For future research, analyzing IPV
for plasma tacrolimus concentrations and transplantation outcomes, including HRQoL and
rejection, with a larger patient cohort and more frequent plasma tacrolimus measurements
post-transplantation would be of great interest. To confirm the clinical significance of
the findings, future studies should seek to confirm the potential superiority of plasma
tacrolimus concentrations for TDM in a prospective study comparing patient outcomes of
groups whose TDM is either based on whole blood or plasma tacrolimus concentrations,
where blood is sampled on multiple time points after drug administration.

5. Conclusions

Plasma tacrolimus concentrations were statistically significantly associated with worse
HRQoL in KTRs, contrary to the current clinical standard of measuring whole blood
tacrolimus levels. This suggests that TDM with plasma tacrolimus concentrations may offer
an opportunity to reduce the occurrence of tacrolimus-related toxicity.
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Abbreviations

The following abbreviations are used in this manuscript:

CI Confidence Interval

CIS Checklist Individual Strength

HRQoL Health-Related Quality of Life

IPV Intra-patient variability

KTR Kidney Transplant Recipient

LOA Limits of Agreement

MCS Mental Component Summary
MTSOSD-59R  59-item Modified Transplant Symptom Occurrence and Symptom Distress Scale
PCS Physical Component Summary

PTDM Post-transplantation Diabetes Mellitus
SD Standard Deviation

SF-36 36-item Short-Form Health Survey
TAC Tacrolimus

TDM Therapeutic Drug Monitoring

UMCG University Medical Center Groningen
Appendix A

Table A1l. Testing for potential effect modification.

Coef 3 (95% CI) St. B p-Value

Model 1: Interaction term Whole blood TAC x Age 0.02 (—0.01-0.06) 0.004 0.18
PCS ~ Whole blood TAC  Interaction term Whole blood TAC x Sex 0.56 (—0.31-1.43) 0.11 0.21
Model 2: Interaction term Plasma TAC x Age —0.24 (—1.24-0.76)  —0.002 0.64
PCS ~ Plasma TAC Interaction term Plasma TAC x Sex 10.18 (—12.42-32.79) 0.07 0.38
Model 3: Interaction term Whole blood TAC x Age  0.02 (—0.002-0.06) 0.01 0.07
MCS ~ Whole blood Interaction term Whole blood TAC x Sex 0.39 (—0.35-1.13) 0.09 0.30
llvf\okael 4: Interaction term Plasma TAC x Age —0.21 (—-1.06-0.64)  —0.002 0.63
MCS ~ Plasma TAC Interaction term Plasma TAC x Sex 5.86 (—13.27-24.99) 0.05 0.55

PCS: physical component summary, MCS: mental component summary, TAC: tacrolimus. Linear regression
analyses, testing for effect modification by age or sex through adding interaction term to the model.
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Table A2. Association of whole blood and plasma TAC concentrations with HRQoL (with adjustment

for hematocrit).

Whole Blood TAC (Adjusted Model *) Plasma TAC (Crude Model) el
-V
N Coef B (95% CI) St. B p-Value N Coef p (95% CI) St. 3  p-Value p-vatue
—0.21 —16.94
PCS 614 (~0.62-0.21) —0.04 0.33 593 (—27.97-5.90) —0.12 0.003 0.01
—0.05 —16.01
MCS 614 (—0.41-0.30) —0.01 0.76 593 (—25.34-6.68) —-0.14  <0.001 <0.001

PCS: physical component summary, MCS: mental component summary, TAC: tacrolimus. Outcome variable: PCS
or MCS, HRQoL. Linear regression analyses, normal distribution of residuals was checked. 1 Testing proportional
difference of bootstrap standardized 3 (1000 replications) * Adjusted for hematocrit.

Appendix B
A
25 T
020 E
! COV >30%
20 i
0.4 !
g :
g 2" :
£ 8 !
£ =
2 5 :
2 - i
902 10 i
& 2 '
Ky
o
| II
0 ' L
Measurement 1 Measurement 2 0 25 ' 50 75
Coefficient of variability %
c * *
70 70
r=0.012,P=0.88 r= 0..043, P=0.59 .
60 * ee e ‘ ‘. . 60 ..'n e s - . cL .
[ ®Ce o, o ] : . s X IR : .
-4 o . . RO I A oo .
] coeda o g oy e . . g ae 2 . L0 S
a o %° % o . o ~ .
- & °s V% o " [ » ® =
S 50 DR € 50 L o *. o .
< L @ o s o
o e . c ¢ %
= e e ° o . «°
3 P N =3 . % o
5 . .« £ .
8 . R s ) .
= 40 o &, . N N — 40 ° N .
L . & «° s .
3 . . c 4
z | o . g .
[ . =
30 . 30 .
20 20
0 25 50 75 100 0 25 50 75 100

Coefficient of variability %

Coefficient of variability %

Figure A1l. Overview of the intra-patient variability for plasma tacrolimus. (A) Boxplot depicting

plasma concentrations of tacrolimus for repeated measurements of 162 patients. (B) Histogram de-

picting the coefficient of variability for repeated plasma tacrolimus measurements with a COV > 30%

indicating a high intra-patient variability (red dotted line). (C,D) Correlation plot for the coefficient
of variability and the PCS and MCS. PCS: physical component summary, MCS: mental component
summary, TAC: tacrolimus, COV: coefficient of variability.
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Appendix C

In the following, the results of the mediation analyses of the various tacrolimus-related
side effects and their effect on the association between plasma tacrolimus concentrations
and the PCS and MCS of HRQoL are summarized.

Various side-effects
as potential
mediators

PCS and MCS of

Plasma TAC HRQoL

Figure A2. Illustration of potential mediating pathway.

Appendix C.1. Potential Mediator Fatigue Severity

Fatigue severity fulfilled the assumptions for mediation analyses (see Table A3). Fa-
tigue severity was found to be a partial mediator of the effect of plasma tacrolimus on the
PCS (proportion mediated: 67.8%) and the MCS (proportion mediated: 59.5%), without
significant direct effect (see Table A4).

Table A3. Association between fatigue severity and plasma tacrolimus (checking assumptions).

Outcome: Fatigue Severity

B (95% CI) St. B p-Value
Plasma TAC 20.09 (5.69; 34.49) 0.11 0.01
Outcome: PCS
B (95% CI) St. B p-Value
Plasma TAC —5.67 (—12.98; 1.64) —0.04 0.13
Fatigue severity, CIS20-R —0.54 (—0.58; —0.50) —0.004 <0.001
Outcome: MCS
B (95% CI) St. B p-Value
Plasma TAC —6.58 (—13.09; —0.07) —0.06 0.05
Fatigue severity, CIS20-R —0.44 (—0.47; —0.41) —0.004 <0.001

PCS: physical component summary, MCS: mental component summary, TAC: tacrolimus. Linear regression
analyses, normal distribution of residuals was checked.

Table A4. Mediation analyses for the effects of fatigue on the suggested causal effects of tacrolimus

on HRQoL.
Multivariable Model
Effect B (95% CI) p-Value Proportion Mediated p-Value

Indirect effect —0.09 (—0.15; —0.02) 0.01

PCS of HRQoL Direct effect —0.04 (—0.10; 0.01) 0.14 67.8% 0.01
Total effect —0.13 (—0.21; —0.04) 0.01
Indirect effect —0.08 (—0.14; —0.02) 0.01

MCS of HRQoL Direct effect —0.06 (—0.12; 0.00) 0.05 59.5% 0.02
Total effect —0.14 (—0.23; —0.05) 0.002

PCS: physical component summary, MCS: mental component summary, TAC: tacrolimus. Potential mediator:
Fatigue severity (CIS20-R). Regression coefficients (B) are presented alongside 95% confidence intervals. Mediation
analyses were performed as proposed by Preacher and Hayes [38] using 1000 bootstrapped samples. The size of
the mediated effect is calculated as the indirect effect divided by the total effect multiplied by 100%.
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Appendix C.2. Potential Mediator Sleep Quality

Plasma tacrolimus was not significantly associated with sleep quality, as assessed by
the PSQI (see Table A5). Therefore, no further mediation analyses were performed.

Table A5. Association between sleep quality and plasma tacrolimus (checking assumptions).

Outcome: Sleep Quality
B (95% CI) St. B p-Value
Plasma TAC 2.42 (—1.43; 6.28) 0.05 0.21

TAC: tacrolimus. Linear regression analyses, normal distribution of residuals was checked.

Appendix C.3. Potential Mediator Gut Microbiome Outcomes

Plasma tacrolimus was significantly associated with the Shannon Diversity Index (st.
= —0.14; p = 0.002); however, no significant association between the Shannon Diversity
Index and PCS and MCS was found (see Table A6). Therefore, no further mediation
analyses were performed.

Plasma tacrolimus was not significantly associated with diarrhea, as assessed by the
water percentage in stool samples (see Table A7). Therefore, no further mediation analyses
were performed.

Table A6. Association between Shannon Diversity Index and plasma tacrolimus (checking assumptions).

Outcome: Shannon Diversity Index

B (95% CI) St. B p-Value
Plasma TAC —1.11 (—1.80; —0.41) —0.14 0.002
Outcome: PCS
B (95% CI) St. B p-Value
Plasma TAC —13.17 (—26.55; 0.21) —0.10 0.05
Shannon Diversity Index 0.22 (—1.53;1.97) 0.002 0.80
Outcome: MCS
B (95% CI) St. B p-Value
Plasma TAC —11.90 (—23.15; —0.64) —0.10 0.04
Shannon Diversity Index 0.27 (—1.20; 1.74) 0.002 0.72

PCS: physical component summary, MCS: mental component summary, TAC: tacrolimus. Linear regression
analyses, normal distribution of residuals was checked.

Table A7. Association between diarrhea and plasma tacrolimus (checking assumptions).

Outcome: Diarrhea
B (95% CI) St. B p-Value
Plasma TAC —2.63 (—13.35; 8.09) —0.03 0.63

TAC: tacrolimus. Linear regression analyses, normal distribution of residuals was checked.

Appendix C.4. Potential Mediator Kidney Function

Kidney function assessed as eGFR fulfilled the assumptions for mediation analyses
(see Table A8). Lower kidney function was found to be a partial mediator of the effect
of plasma tacrolimus on the PCS (proportion mediated: 16.7%) and the MCS (proportion
mediated: 12.9%). The direct effect between kidney function and the PCS (st. = —0.11;
p =0.03) and the MCS (st. p = —0.12, p = 0.004) remained statistically significant (see
Table A9).
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Table A8. Association between kidney function (eGFR) and plasma tacrolimus (checking assumptions).

Outcome: eGFR

B (95% CI) St. 3 p-Value
Plasma TAC —35.59 (—53.55; —17.62) —0.14 <0.001
Outcome: PCS
B (95% CI) St. B p-Value
Plasma TAC —13.82 (—24.91; —2.73) —0.10 0.02
Kidney function, eGFR 0.07 (0.03; 0.11) 0.001 <0.001
Outcome: MCS
B (95% CI) St. B p-Value
Plasma TAC —13.76 (—23.17; —4.37) —0.12 0.004
Kidney function, eGFR 0.05 (0.02; 0.09) 0.0004 0.01

eGEFR: estimated glomerular filtration rate, PCS: physical component summary, MCS: mental component summary,
TAC: tacrolimus. Linear regression analyses, normal distribution of residuals was checked.

Table A9. Mediation analyses for the effects of kidney function on the suggested causal effects of
tacrolimus on HRQoL.

Multivariable Model
Effect B (95% CI) p-Value Proportion Mediated p-Value
Indirect effect —0.02 (—0.04; —0.01) 0.002
PCS of HRQoL Direct effect —0.11 (-0.19; —0.02) 0.03 16.7% 0.01
Total effect —0.13 (—0.21; —0.04) 0.004
Indirect effect —0.02 (—0.04; 0.00) 0.02
MCS of HRQoL Direct effect —0.12 (—0.21; —0.03) 0.004 12.9% 0.02
Total effect —0.14 (—0.23; —0.06) <0.001

PCS: physical component summary, MCS: mental component summary, TAC: tacrolimus. Potential mediator:
Kidney function (eGFR). Regression coefficients (B) are presented alongside 95% confidence intervals. Mediation
analyses were performed as proposed by Preacher and Hayes [38] using 1000 bootstrapped samples. The size of
the mediated effect is calculated as the indirect effect divided by the total effect multiplied by 100%.

Appendix C.5. Potential Mediator Post-Transplantation Diabetes Mellitus

Plasma tacrolimus was not significantly associated with the binary outcome post-
transplantation diabetes mellitus (see Table A10). Therefore, no further mediation analyses
were performed.

Table A10. Association between post-transplantation diabetes mellitus and plasma tacrolimus
(checking assumptions).

Outcome: PTDM
OR (95% CI) p-Value
Plasma TAC 1.11 (0.93; 1.31) 0.23

PTDM: post-transplantation diabetes mellitus, TAC: tacrolimus. Binomial logistic regression analysis.

Appendix C.6. Potential Mediator Alopecia

Plasma tacrolimus was not significantly associated with the binary outcome alopecia,
as assessed as part of the MTSOSD-59R (see Table A11). Therefore, no further mediation
analyses were performed.
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Table A11. Association between alopecia and plasma tacrolimus (checking assumptions).

Outcome: Alopecia
OR (95% CI) p-Value
Plasma TAC 1.09 (0.93; 1.28) 0.31

TAC: tacrolimus. Binomial logistic regression analysis.

Appendix C.7. Potential Mediator Tremor

Plasma tacrolimus was not significantly associated with tremor, as assessed by the
TRS-C (see Table A12). Therefore, no further mediation analyses were performed.

Table A12. Association between tremor and plasma tacrolimus (checking assumptions).

Outcome: Tremor
IRR (95% CI) p-Value
Plasma TAC 1.17 (0.86; 1.59) 0.31

TAC: tacrolimus. Negative binomial regression due to Poisson distribution with overdispersion of outcome
variable tremor.

Appendix D

Table A13. Medication use.

N (%)
Other immunosuppressants
Prednisolone 873 (97.3)
Mycophenolate mofetil 718 (80.0)
Azathioprine 51 (5.7)
MTOR inhibitors (everolimus or sirolimus) 42 (4.7)
Antihypertensives
Beta-blockers 538 (60.0)
Calcium channel blockers 407 (45.4)
Alpha blockers 136 (15.2)
Diuretics 213 (23.8)
Angiotensin-converting enzyme inhibitors 173 (19.3)
Angiotensin II receptor blockers 111 (12.4)
Lipid-lowering treatment
Statins 508 (56.6)
Gemfibrozil 50 (5.6)
Ezetimibe 16 (1.8)
Antidiabetic Medication
Metformin 100 (11.2)
Sulfonylureas 53 (5.9)
SGLT?2 inhibitors 3(0.3)
DPP4 inhibitors 10 (1.1)
GLP-1 receptor agonists 5(0.6)
Insulin 121 (13.5)
Anticoagulants
Acetylsalicylic acid 188 (21.0)
Dipyridamole 5(0.6)
Clopidogrel 48 (5.4)
Apixaban 12 (1.3)
Non-vitamin K oral anticoagulants 12 (2.0)

Vitamin K antagonists 105 (11.7)
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Table A13. Cont.

N (%)
Gastroprotective agents
Proton pump inhibitors 661 (73.7)
H2-receptor antagonists 32(3.6)
Antacids 11 (1.2)
Mucosal protective agents 3(0.3)
Antibiotics
Sulfonamides 35(3.9)
Fluoroquinolones 14 (1.6)
Macrolides 10 (1.1)
Penicillin 2(0.2)
Antifungal agents
Imidazoles 16 (1.8)
Antidepressant Medication
Tricyclic antidepressants 22 (2.5)
Selective serotonin reuptake inhibitors 29 (3.2)
Sleep medication
Benzodiazepines 65 (7.3)
Melatonin agonists 3(0.3)
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