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Abstract

Background and Objective High variability in tacrolimus pharmacokinetics directly after lung transplantation (LuTx) may
increase the risk for acute kidney injury (AKI) and transplant rejection. The primary objective was to compare pharmacoki-
netic variability in patients receiving tacrolimus orally versus intravenously early after LuTx.

Methods Pharmacokinetic and clinical data from 522 LuTx patients transplanted between 2010 and 2020 in two university
hospitals were collected to compare orally administered tacrolimus to intravenous tacrolimus early post-transplantation.
Tacrolimus blood concentration variability, measured as intrapatient variability IPV%) and percentage of time within the
therapeutic range (TTR%), was analyzed within the first 14 days after LuTx. Secondary outcomes were AKI, acute rejection,
length of stay in the intensive care unit (ICU), and mortality in the ICU and during hospital admission.

Results We included 224 patients in the oral and 298 in the intravenous group. The mean adjusted IPV% was 10.8% (95%
confidence interval [CI] 6.9-14.6; p < 0.001) higher in the oral group (27.2%) than the intravenous group (16.4%). The
mean TTR% was 7.3% (95% CI — 11.3 to — 3.4; p < 0.001) lower in the oral group (39.6%) than in the intravenous group
(46.9%). The incidence of AKI was 46.0% for oral and 42.6% for intravenous administration (adjusted odds ratio [OR] 1.2;
95% CI1 0.8-1.8; p = 0.451). The frequencies of clinically diagnosed acute rejection in the oral and intravenous groups were
nonsignificant (24.6% vs 17.8%; OR 1.5 [95% CI 1.0-2.3; p = 0.059]). ICU and hospital mortality rate and ICU length of
stay were similar.

Conclusions Administering tacrolimus orally directly after LuTx leads to a higher variability in blood concentrations com-
pared to intravenous administration. There was no difference in the occurrence of AKI or transplant rejection.

study did not [5]. Overall, unfortunately, acute rejection is
not uncommon in the LuTx population. The registry of the
International Society of Heart and Lung Transplantation

1 Introduction

Tacrolimus-based immunosuppressive regimes are consid-
ered standard of care after lung transplantation (LuTx) [1].
Nonetheless, tacrolimus is known to have a narrow thera-
peutic range and high interindividual pharmacokinetic (PK)
variability, resulting in an increased risk of adverse effects
from subtherapeutic and supratherapeutic tacrolimus blood
concentrations. Cohort studies in LuTx patients found an
association between higher tacrolimus PK variability and
increased rejection and mortality [2—4], whereas another
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(ISHLT), which contains data from > 60,000 LuTx recipi-
ents transplanted worldwide, reports treated acute rejection
of 28% within the first year [6]. Consequently high tacroli-
mus trough levels are pursued post-LuTx, with the draw-
back of increased tacrolimus toxicity, in particular acute
kidney injury (AKI) [7-10]. Especially in the early phase
post-LuTx, a low variability in tacrolimus levels is of impor-
tance to lower the risk for adverse reactions when the risk for
other postoperative complications is highest. Hence, close
therapeutic drug monitoring (TDM) is an essential part of
early post-transplantation care.

Intravenous versus oral administration of tacrolimus
potentially results in more stable blood concentrations
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Oral tacrolimus administration compared to continuous
intravenous administration early after lung transplanta-
tion leads to a higher variability in blood concentrations
with lower time within the therapeutic range.

Oral administration of tacrolimus does not increase the
frequency of acute kidney injury (AKI), although AKI
stage 1 has been observed more often in the case of oral
administration versus continuous intravenous administra-
tion.

Rejection rates did not differ for oral versus continu-
ous intravenous administration. While it may not have
reached clinical significance, a difference of 28% maybe
relevant for long-term graft outcomes.

within the therapeutic range, because intravenous adminis-
tration of tacrolimus bypasses the highly variable absorption
step and may diminish the variation in bioavailability as an
important contributing factor to high variability of tacroli-
mus blood levels [11].

In clinical care, consensus is lacking on the optimal route
of administration in the early post-transplantation period.
The oral and intravenous routes are both used to administer
tacrolimus early after LuTx. Currently, there is a scarcity
of substantial studies on different tacrolimus administration
routes in the early post-LuTx period and their effects on
intrapatient PK variability (IPV).

IPV is the extent of variation in tacrolimus (trough)
concentrations within an individual patient over a certain
period of time, often expressed as standard deviation (SD),
mean absolute deviation (MAD), coefficient of variation
(CV), and time within therapeutic range (TTR) [12]. Blood
concentrations may differ due to changes in PK as well as
changes in dose due to stringent TDM early after transplan-
tation, making interpretation of the variability challenging.
To accurately determine variability, intrapatient variability
(IPV%) based on absolute concentrations could be used, as
each single concentration is included in this equation [13].
Additionally, the (percentage of) time within the therapeu-
tic range (TTR%) is of relevance. A patient may show high
IPV within the therapeutic range or low IPV outside of the
therapeutic range. The latter still has an increased risk for
toxicity despite the low IPV.

The primary objective of this study was to compare the
effect of a dosing strategy with intermittent oral versus
continuous intravenous administration of tacrolimus on PK
variability, measured as IPV% and TTR%, early post-LuTx.
The secondary objectives were to investigate whether the
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dosing strategy was associated with AKI, acute rejection
of the lung allograft, length of intensive care unit (ICU)
stay, and mortality during ICU and hospital admission. The
hypothesis was that patients receiving oral tacrolimus would
have higher PK variability and consequently more adverse
events such as AKI and acute rejection early post-LuTx.

2 Methods
2.1 Study Population

In this retrospective, multicenter, observational cohort
study, patients > 18 years of age who underwent LuTx in
two university hospitals in the Netherlands (the University
Medical Center Utrecht [UMCU] and the University Medi-
cal Center Groningen [UMCG]) between January 2010 and
January 2020 were assessed for eligibility. Data from lung
retransplantations were excluded. Patients were excluded
if less than three tacrolimus concentrations were available
within the first 14 days post-LuTx, because this is the mini-
mum number of samples to calculate IPV% [13]. Moreover,
patients with missing data regarding tacrolimus concentra-
tions and patients whose tacrolimus concentrations were not
analyzed with liquid chromatography-mass spectrometry
(LC-MS/MS) were excluded (Fig. 2).

2.2 Post-transplantation Regimens

The protocol in the UMCU was to initiate oral immediate
release (IR) tacrolimus in a dosage of 0.07 mg/kg twice
daily on the first day after LuTx. Continuous intravenous
tacrolimus in the UMCG was started 12 h after perfusion
of the transplanted lung(s), at a dosage of 0.01 mg/kg/24 h.
Non-polyvinylchloride lines were used to administer tac-
rolimus intravenously. Once the recipient experienced suf-
ficient bowel movement with defecation, the route of admin-
istration was switched to a daily oral dose 10 times higher
than the daily intravenous dose, divided into two doses per
day. When patients had polyurethane nasogastric tubes in
place and were receiving tube feeding, an extemporaneously
compounded tacrolimus dispersion was administered in the
UMCG (tacrolimus dispersion 0.5 mg/mL, Pharmacy A15
EP471). This dispersion conforms to the standard set by the
European Pharmacopoeia. In the UMCU, this was done by
dispersing prograft tablets (Astellas Pharma Europe BV)
in a syringe with water. When patients were extubated and
able to swallow, prograft tablets were used in both centers.
The treatment protocols of both hospitals can be found in
supplementary Table S1 (see the electronic supplementary
material).
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In both hospitals, a therapeutic range of 12—15 pg/L was
aimed for during the first week after LuTx and 10-15 pg/L
during the second week. Daily blood (trough) concentrations
determined the need for dose adjustments. The additional
(immunosuppressive) regimens were similar between the
two centers (supplementary Table S1), consisting of basilixi-
mab induction, mycophenolate mofetil, (methyl)predniso-
lone, prophylactic antibiotics, antivirals, fungicides, throm-
boprophylaxis, and analgesics, with a few small differences
that were deemed irrelevant for the outcome of this study.
Hence, the main difference was the administration route of
tacrolimus initiated directly after LuTx.

2.3 Tacrolimus Concentrations

Tacrolimus blood concentrations were analyzed by means
of validated TSQ Quantiva LC-MS/MS methods, equipped
with a Vanquish Horizon UPLC system with binary pump,
autosampler and an Accucore C18 50 X 2.1-mm column
with 2.6-um solid-core particles, in both centers [14]. All
instruments were from Thermo Fisher Scientific (Waltham,
MA, USA).

Peak concentrations in intermittent oral dosing were
excluded since they may bias the variability. Potential peak
concentrations were identified if the following two condi-
tions were true: (1) the difference between the potential peak
concentration and the preceding and following concentration
was minimally 7 pg/L and (2) the two preceding and the two
following concentrations showed a difference of maximally
3 pg/L. A sensitivity analysis was performed to define the
optimal limits for identification. These potential peak con-
centrations were excluded if the timing of the sample or
clinical factors (e.g., elevation of tacrolimus dose, the initia-
tion or termination of cytochrome P450 3A [CYP3A4]- or
adenosine triphosphate [ATP]-binding cassette sub-family B
member 1 [ABCBI1] inhibitor, diarrhea, or packed red cells
therapy) could not explain the unusually high concentration.

2.4 Data Collection

Data on demographics, laboratory results, lengths of hospital
admission, and mortality within the admission period were
extracted from the patient data monitoring systems. For the
oral group, data were extracted from Metavision (Ite Medi-
cal, Tiel) and HiX©® (Chipsoft BV, Amsterdam); for the intra-
venous group, data were extracted from Metavision and Epic
(Epic System Corp., Verona, Wisconsin, USA). Information
on liver enzyme, CYP enzyme, and transporter activity val-
ues were not incorporated in this study, because in an earlier
cohort of heart transplantation and LuTx patients, a variabil-
ity in bioavailability of 55% was observed, overwhelming all

other co-variates [11]. Moreover, tacrolimus blood concen-
trations are the resultant of all covariates together.

2.5 Primary and Secondary Outcome
Measurements

The primary outcome was variability, defined as the IPV%
and the TTR%. The intrapatient variability was calculated
as follows [13], in which X was the mean of all available
concentrations in the first 14 days after LuTx, X, was each
individual concentration within the period mentioned, and
T was the number of available tacrolimus concentrations:

bs(X, — X
IPV%=1><ZMXIOO
T X

t=1

TTR% was calculated using linear interpolation to deter-
mine the time that the lower or upper limit of the therapeutic
range was crossed (Fig. 1) [15]. The variability outcomes
were determined with and without weighing for the number
of tacrolimus samples available per patient.

One of the secondary outcomes was the occurrence of
AKI, within the first week after LuTx. Daily creatinine
assessment was part of the standard care protocol in both
centers. AKI was defined as an increase in serum creati-
nine (SCr) to > 1.5 times baseline within 7 days after LuTx
or if SCr increased > 26.5 pmol/L within 48 h, accord-
ing to the Kidney Disease: Improving Global Outcomes
(KDIGO) criteria [16]. AKI could be further divided into
three AKI stages. AKI stage 1 was defined as a 1.5- to 1.9-
times increase in SCr compared to baseline or an increase
> 26.5 umol/L. AKI stage 2 was defined as a 2.0- to 2.9-
times increase in SCr compared to baseline. AKI stage 3 was
defined as such if SCr had increased 3.0 times compared to
baseline, if the SCr had increased to > 353.6 umol/L, or if
renal replacement therapy (RRT) was initiated. No informa-
tion was available on urine output.

Well described risk factors for AKI following LuTx were
used in the analysis whenever available and included age,
sex, baseline estimated glomerular filtration rate (eGFR),
primary lung disease, type of LuTx (single, double, heart-
lung), post-LuTx use of extra corporeal life support (ECLS),
and pre-LuTx comorbidities such as chronic kidney disease
(CKD), and diabetes mellitus (DM) [7, 17, 18]. CKD was
defined as a baseline eGFR < 60 mL/min/1.73m2. For DM,
a pre-existent diagnosis in the patient dossier was used.

Another secondary outcome was the occurrence of acute
rejection, defined as clinically diagnosed (UMCU and
UMCQG) rejection and treated with pulse methylpredniso-
lone 1000 mg during 3 consecutive days. In the UMCG,
routine lung biopsies are taken before hospital discharge. In
the UMCTU, this is not routine. Rejection data were included
in the analyses when clinically diagnosed within the first 6
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Fig. 1 Representation of the calculation of the time in- and outside of
the therapeutic range of tacrolimus. The green, grey, and yellow areas
represent the time within, above, and beneath the therapeutic range,
respectively. LuTx lung transplantation

weeks after LuTx. Table S2 in the electronic supplementary
material shows the clinical and diagnostic approaches for
diagnosing acute rejection in both hospitals. Biopsy-proven
acute rejection was discarded from the analyses because
comparison was not possible between the two groups.
Finally, length of stay in the ICU and mortality in the ICU
and during hospital admission were secondary outcomes.

2.6 Statistical Analysis

Population characteristics are presented as mean + SD,
median (interquartile range [IQR]), or count (%) for nor-
mally distributed continuous variables, non-normally
distributed continuous variables, and nominal variables,
respectively.

The analyses were performed on an intention-to-treat
basis. The independent samples ¢ test was used to evaluate
the difference in mean IPV%, TTR%, and length of stay.
To investigate the difference in AKI stages, rejection, and
mortality, the Chi-square test was used.

Univariate linear regression was performed in order to
investigate the effect of the dosing strategy on IPV% and
TTR% and univariate logistic regression to investigate the
effect of the dosing strategy on AKI and rejection. Inter-
action terms were introduced to investigate effect modi-
fication. A variable was regarded as an effect modifier if
the p value of the interaction term was < 0.05. If possible,
results were stratified by significant effect modifiers. Covari-
ates with a significant asymmetrical distribution between
the groups were added to the multiple regression models.
Next, the effect of statistically significant confounders was
tested. If the percentage difference between the unadjusted
and adjusted (Exp)B of the determinant was > 10%, it was
adjusted for. Identified confounders and effect modifiers
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were incorporated into the multiple linear or logistic regres-
sion model.

The differences in means (B), odds ratios (ORs), 95%
confidence intervals (CIs), and the p values were reported.
A p value < 0.05 for two-tailed tests was considered statisti-
cally significant. IBM SPSS Statistics for Windows, version
26 (IBM Corp., Armonk, NY, USA) was used to perform all
statistical analyses.

By including only participants with the minimum num-
bers of tacrolimus samples needed for IPV% calculations, we
ensured complete datasets for analyses. Secondary outcome
analyses were based on available cases without imputing
missing data. As AKI was defined as an increase in SCr
within 7 days after LuTx, data on participants who died
within 7 days post-LuTx were not used in these analyses.
Also length of hospital stay data were incomplete and there-
fore not used.

3 Results
3.1 Study Population

Of 584 patients assessed for eligibility, 522 patients were
included for analysis. Oral tacrolimus was used in 224
patients and intravenous tacrolimus in 298 patients. The
flow of the study population is visualized in Fig. 2. Five out
of 2591 tacrolimus concentrations in the oral group were
identified as peak concentrations and excluded. A total of
5704 tacrolimus concentrations were available to calculate
PK variability.

Table 1 describes the baseline characteristics of patients
at the time of LuTx. The baseline characteristics were bal-
anced for both groups but not for the primary cause of lung
failure. The majority of patients in the oral group had lung
failure caused by restrictive pulmonary disease followed by
obstructive pulmonary disease. For the intravenously treated
patients, obstructive pulmonary disease was the main cause
and restrictive pulmonary disease thereafter (p < 0.001).

3.2 Pharmacokinetic Variability

Table 2 presents the primary comparison in PK variability
parameters between the oral and intravenous groups. The
weighted mean IPV% was significantly higher in the oral
group (31.7% + 10.5) compared to the intravenous group
(29.2% + 10.9) (p < 0.001). The weighted mean TTR% was
35.5% + 15.8 for the oral group and 35.0% =+ 17.6 for the
intravenous group (p = 0.235). The intravenous group spent
relatively more time above the therapeutic range (TAR%)
(34.4% =+ 22.6) than the oral group (26.0% + 16.8) (p <

0.001), whereas the oral group spent more time beneath
the therapeutic range (TBR%) (38.5% = 19.3) than the
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Patients transplanted between Jan
2010 and Jan 2020 (n=584)

Re-lung transplantations (n=11)

Died before start tacrolimus
> (n=12)

Missing data regarding

> tacrolimus concentrations (n=2)
=3 available tacrolimus
> concentrations (n=7)
Died (n=5)
Tacrolimus concentrations not
— measured with LC-MS/MS

(n=30)
\

Inclusion lung transplantation patients

(n=522)

| |

Inclusion intravenous group (n=298)

Inclusion oral group (n=224) |

Fig.2 Flowchart of participants. LC-MS/MS liquid chromatography-
mass spectrometry

intravenous group (30.7% + 18.8) (p < 0.001). The average,
minimum, and maximum tacrolimus concentrations were
similar for both groups.

The identified effect modifiers for IPV% were sex, pri-
mary lung disease, baseline eGFR, hematocrit, ECLS, and
RRT. After adjustment, the mean IPV% was 10.8% higher in
the oral group (27.2%) than in the intravenous group (16.4%)
(95% CI 6.9-14.6; p < 0.001). Confounders for TTR% were
primary lung disease, hematocrit, and ECLS, and effect
modifiers were sex, a pre-LuTx diagnosis of DM, baseline
eGFR, and RRT. After adjusting for these confounders and
effect modifiers, the mean TTR% was 7.3% lower in the oral
group (39.6%) than in the intravenous group (46.9%) (95%
CI - 11.3to — 3.4; p < 0.001). Table S3 in the electronic
supplementary material shows a complete overview of these
results.

3.3 Kidney Function

The frequency of AKI within 1 week after LuTx was
46.0% in the oral group and 42.6% in the intravenous group
(Table 3). The OR for AKI was 1.1 (95% CI1 0.8-1.6; p =
0.484) for the oral group compared to the intravenous group
(Table S4 in the electronic supplementary material). AKI
stage 1 occurred in 24.6% and 15.8% in the oral and intra-
venous groups, respectively (OR 1.7;95% CI 1.1-2.7; p =
0.014). AKI stage 2 occurred in 10.3% and 12.8% in the

Table 1 Baseline characteristics
of 224 LuTx patients treated

with oral tacrolimus and 298

patients treated with intravenous
tacrolimus in the first 14 days
post-LuTx

Characteristic Oral Intravenous P value

Number of patients, n (%) 224 (42.9) 298 (57.1)

Female sex, n (%) 107 (47.8) 143 (48.0) 0.961

Age at LuTx (years), median (IQR) 55 (43-61) 55 (46-61) 0.747

Pre-LuTx comorbidities, n (%)

DM 36 (16.1) 44 (14.8) 0.706

CKD 13 (5.8) 19 (6.4) 0.787

Baseline SCr (umol/L), median (IQR) 66.0 (53.0-79.8) 66.0 (51.0-80.3) 0.892

Baseline CKD-EPI eGFR (mL/min/1.73m?), 99.3 +23.0 99.1 +24.9 0.922
mean + SD

Primary lung disease, n (%) < 0.001

Obstructive lung disease 73 (32.6) 151 (50.7)

Pulmonary arterial hypertension 6 (2.7) 33 (11.1)

Suppurative lung diseases 50 (22.3) 38 (12.8)

Restrictive lung diseases 95 (42.4) 71 (23.8)

Other diagnosis 0(0.0) 5(1.7)

Type of LuTx, n (%) 0.151

Left 13 (5.8) 10 (3.4)

Right 20 (8.9) 16 (5.4)

Bilateral 191 (85.3) 271 (90.9)

Heart-lung 0(0.0) 1(0.3)

CKD chronic kidney disease, CKD-EPI chronic kidney disease — epidemiology, DM diabetes mellitus,
eGFR estimated glomerular filtration rate, /QR interquartile range, LuTx lung transplantation, SCr serum

creatinine, SD standard deviation
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Table 2 Parameters of variability, represented for the oral and intravenous group and displayed weighted for the number of samples

Variability parameter Oral, n = 224 Intravenous, n =298 P value Oral: weighted for Intravenous: weighted for P value
number of samples, n number of samples, n =
=12586 3118

IPV%, mean + SD 31.5+10.4 29.2+11.0 0.017 31.7 +10.5 29.2+10.9 < 0.001
Median (IQR) 30.2 (24.5-37.2) 27.4(22.0-34.3) 0.004 30.4 (24.9-37.4) 27.2 (21.8-34.3) < 0.001
Min-max 7.3-72.9 7.9-70.5 7.3-72.9 7.9-70.5

Time beneath TR (h), mean 104.6 + 54.5 79.7 +51.5 < 0.001 1064 +54.2 82.1 +51.2 < 0.001
+SD

TBR%, mean + SD 382+194 303+£19.2 <0.001 38.5+19.3 30.7 + 18.8 < 0.001

Time within TR (h), mean 97.8 +45.4 91.5+49.1 0.136 98.0 +44.7 93.5 +47.7 < 0.001
+SD

TTR%, mean + SD 35.8+16.0 34.6 £18.2 0416 355+15.8 35.0£17.6 0.235

Time above TR (h), mean ~ 70.1 +45.9 91.6 +60.3 <0.001 71.4+4538 90.8 +59.6 < 0.001
+SD

TAR%, mean + SD 26.0 +17.1 351232 < 0.001 26.0 +16.8 343 +22.6 < 0.001

Tacrolimus concentration ~ 12.4 (11.2-14.1) 13.0 (11.7-14.7) 0.001 12.4 (11.3-14.1) 12.9 (11.7-14.6) 0.001
(ug/L), median (IQR)

Cpin (g/L), median IQR) 5.8 (3.0-7.7) 5.6 (3.7-1.5) 0.708 5.7 (3.0-7.6) 5.5(3.7-14) 0.101
Min-max 0.9-13.3 0.9-23.0 0.9-13.3 0.9-23.0

Crax (Ug/L), median (IQR) 21.4 (17.7-26.4) 20.6 (17.6-25.2) 0.309 21.6(22.8-9.4) 20.5 (17.6-25.2) < 0.001
Min-max 11.4-80.1 0.9-23.0 11.4-80.1 0.9-23.0

Therapeutic range was 12—15 ug/L in the first week after LuTx and 10-15 pg/L in the second week after LuTx

C,,.. highest tacrolimus concentration, C,,;, lowest tacrolimus concentration, IPV% percentage of intrapatient variability, JQR interquartile range,
LuTx lung transplantation, SD standard deviation, TAR% percentage of time above the therapeutic range, TBR% percentage of time beneath the
therapeutic range, TR therapeutic range, TTR% percentage of time within the therapeutic range

oral and intravenous groups, respectively (OR 0.8; 95% CI
0.4-1.3; p = 0.368). AKI stage 3 occurred in 11.2% and
14.1% in the oral and intravenous groups, respectively (OR
0.8;95% C10.4-1.3; p = 0.308).

The risk factors for AKI that differed between the two
groups were primary lung disease and ECLS. All other
risk factors (i.e., age, sex, baseline eGFR, pre-LuTx DM
and CKD, and type of LuTx) did not differ. Hematocrit and
ECLS were identified as confounders for all AKI outcomes
except AKI stage 1. The mean lowest hematocrit value in the
first 14 days after LuTx was higher in the oral group (0.28
L/L) than in the intravenous group (0.23 L/L) (p < 0.001).
Furthermore, ECLS post-LuTx was used in 35.3% of cases
in the oral group and in 20.1% of cases in the intravenous
group (p < 0.001) (Table 3).

The adjusted odds ratio (aOR) for AKI was 1.2 (95% CI
0.8-1.8; p = 0.451) for the oral group compared to the intra-
venous group. AKI stage 1 did not have any confounders or
effect modifiers. Hence, the OR was definitive. The aOR for
AKI stage 2 was 1.0 (95% CI 0.5-1.8; p = 0.936) for the oral
group compared to the intravenous group. After adjusting for
the confounders hematocrit and ECLS and the effect modi-
fier baseline eGFR, the aOR for AKI stage 3 was 6.9 (95%
CI10.6-78.5; p = 0.119) for the oral group compared to the
intravenous group.
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Moreover, when we stratified for a higher or lower IPV%
with a threshold of 30.3% (mean weighted IPV%), in the
oral group the higher IPV% related to a higher risk of AKI
(52.7% vs 39.3%; p = 0.044). In the intravenous group, the
occurrence of AKI was lower in the group with higher IPV%
(29.4% vs 51.4%; p < 0.001).

3.4 Rejection

The frequency of clinically diagnosed acute rejection within
6 weeks after LuTx was 24.6% in the oral group and 17.8%
in the intravenous group (Table 3). The OR for acute rejec-
tion was 1.5 (95% CI 1.0-2.3; p = 0.060) for the oral group
compared to the intravenous group. Sex was identified as
an effect modifier. The aOR for rejection was 2.6 (95% CI
1.4-4.9; p = 0.003) for the male oral group compared to
the male intravenous group (Table S5 in the electronic sup-
plementary material). The aOR was 0.9 (95% CI 0.5-1.7; p
= 0.803) for the female oral group compared to the female
intravenous group. To gain more insight into the correla-
tion between the TBR% and occurrence of rejection, the
weighted median TBR% of 33.6% was used to stratify the
whole cohort. Within the whole cohort, the OR for rejec-
tion was 1.2 (95% CI 0.8-1.7; p = 0.404) for patients with a
TBR% > 33.6% compared to patients with TBR% < 33.6%.
When stratified by mean weighted IPV% (30.3%), in the
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Table 3 Results of secondary
outcomes

Variable/outcome Oral Intravenous P value
n=224 n =298
AKI, n (%) 103 (46.0) 127 (42.6) 0.484
AKl stage 1, n (%) 55 (24.6) 47 (15.8) 0.014
AKI stage 2, n (%) 23 (10.3) 38 (12.8) 0.367
AKI stage 3, n (%) 25 (11.2) 42 (14.1) 0.307
RRT in the first 14 days after LuTx, n (%) 26 (11.6) 45 (15.1) 0.249
Rejection, n (%) 55 (24.6) 53 (17.8) 0.059
Major confounders and effect modifiers for AKI, IPV% and TTR%
ECLS in the first 14 days after LuTx, n (%) 79 (35.3) 60 (20.1) < 0.001
Lowest Ht in the first 14 days after LuTx (L/L), mean + SD 0.28 +£0.07 0.23+0.06 <0.001

AKI acute kidney injury, ECLS extra-corporeal life support, Ht hematocrit, IPV% percentage of intrapatient
variability, LuTx lung transplantation, RRT renal replacement therapy, SD standard deviation, TTR% per-
centage of time within the therapeutic range

oral group, the rejection rate was higher in patients with
high IPV% (34.8% vs 14.3%; p < 0.001), and in the intra-
venous group, the rejection rate was comparable (29.4% vs
34.6%; p = 0.346). In the intravenous group, an additional
44 patients (14.8%) received treatment for biopsy-proven
rejection within the first 6 weeks after LuTx. Although these
patients did not exhibit clinically suspected acute rejection,
their pathological findings indicated rejection. Consequently,
all 44 patients received pulse methylprednisolone treatment.
This last aspect remains unexplored for the oral group, in
which routine lung biopsies were not performed.

3.5 ICU Length of Stay and Mortality

The median length of stay in the ICU did not differ signifi-
cantly between the oral and the intravenous group; 7 days
(4-17) and 6 days (3—18), respectively (p = 0.614). Mortal-
ity during admission to the ICU was similar for both groups:
17 patients (7.6%) in the oral group and 16 (5.4%) in the
intravenous group (p = 0.828). During hospital admission,
20 patients (8.9%) in the oral group and 25 patients (8.4%)
in the intravenous group died (p = 0.302).

4 Discussion

Administering IR tacrolimus orally directly after LuTx leads
to a higher variability in tacrolimus concentrations in com-
parison to continuous intravenous administration. The oral
group had a significantly higher IPV% and lower TTR% than
the intravenous group in the first 14 days after LuTx. In gen-
eral, the occurrence of AKI did not differ between oral and
intravenous administration. The occurrence of AKI stage 1
was significantly higher after oral administration of tacroli-
mus. Keeping the total number of clinically diagnosed cases
of acute rejection in mind, the frequency of clinically diag-
nosed acute rejection in the oral compared to the intravenous

group appeared to be 28% higher, without statistical signifi-
cance. ICU and hospital mortality rate and ICU length of
stay were similar for both groups.

To our knowledge, this is the largest study in LuTx pro-
viding insightful information on the relationship between
the administration route of tacrolimus in the early post-LuTx
period and the variability in whole blood tacrolimus con-
centrations. The higher variability in the oral group may be
primarily caused by highly variable bioavailability, which
is mainly bypassed by the intravenous administration route.
It has been shown that the bioavailability of tacrolimus is
the most important factor for fluctuations in whole blood
concentrations in orally treated patients and bioavailability
may even vary up to 55% shortly after LuTx [11].

Variability in tacrolimus blood concentrations can be
substantial among lung transplant recipients, even when
adjusting for factors such as age, body weight, and con-
comitant medications [19]. The genetic polymorphisms of
CYP3A enzymes mainly responsible for tacrolimus’ metab-
olism, particularly CYP3A5*3 and CYP3A4%22, and the
transporter ABCB1 variants have been implicated as major
contributors to the interindividual variability in tacrolimus
PK [19, 20]. Moreover, drug—drug interactions involving
CYP3A inducers or inhibitors can significantly alter tac-
rolimus metabolism, leading to subtherapeutic or toxic blood
concentrations, respectively [21]. In addition to interindi-
vidual variability, tacrolimus blood concentrations may also
vary within the same individual over time, especially shortly
after transplantation. Factors such as inflammation, severe
bleeding, shock, and organ dysfunction with gut dysmotility
and liver dysfunction can influence the IPV% in tacrolimus
PK directly after transplantation. Specifically, gut dysmo-
tility is a common complication in the direct postoperative
phase with a possible influence on the bioavailability of oral
tacrolimus [11].

The time that tacrolimus concentrations were within the
therapeutic range was shown to be longer with continuous
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intravenous administration compared to intermittent oral
administration. After oral administration of tacrolimus, the
TTR% was about 35% when therapeutic ranges of 12-15
pg/L and 10-15 pg/L were applied in the first and sec-
ond week after LuTx, respectively. Ensor et al., observed
a median TTR% of 21% for a therapeutic range of 12-15
pg/L in the first 6 months and 10-12 pg/L up until 1 year
after LuTx [3]. In another study in lung transplant recipients,
receiving oral tacrolimus in the direct post-LuTx period,
a TTR% of 47% was observed, using a therapeutic range
of 10-15 pg/L [5]. These are low numbers for a drug for
which frequent TDM is conducted. In a recently published
cohort study including 67 LuTx recipients receiving tac-
rolimus continuously intravenously within the first 14 days
after LuTx applying a therapeutic range of 10-15 pg/L, the
median percentage of tacrolimus TTR% was 35.7% [22].
These findings align closely to our TTR% of 34.6% in the
intravenous group, in which a therapeutic range of 12-15
pg/L in the first week and 10-15 pg/L in the second week
after LuTx was applied. These studies show the challenges in
maintaining whole blood tacrolimus concentrations within
the therapeutic range for oral and intravenous administra-
tion. Nevertheless, intravenous administration seems to be
superior to oral administration.

It is further noticeable that there is no indisputable thera-
peutic range for tacrolimus after LuTx [23]. In the second
consensus report on therapeutic monitoring of tacrolimus, it
is stated that the therapeutic range of 15-20 pg/L early after
LuTx must be revised [23], because it has been shown that
a trough concentration above 15 ug/L has an increased risk
of AKI in these patients [9]. Additionally, a subtherapeutic
concentration may lead to higher rejection rates in LuTx
patients [2]. Since dose adjustments may lead to overcom-
pensation, resulting in more severe toxic or subtherapeutic
concentrations, a concentration just beneath or above the
therapeutic range is generally accepted, thereby negatively
influencing TTR. Moreover, with continuous intravenous
dosing, the therapeutic range for trough concentrations
should be higher than the therapeutic range for trough con-
centrations in oral dosing, in order to obtain an area under
the curve (AUC) exposure similar to that of intermittent
dosing. Nevertheless, in our study, we did not find more
adverse effects compared to oral treatment. Currently, no
consensus is present regarding the optimal therapeutic range
shortly after LuTx. Ultimately, it is of utmost importance
to define specific therapeutic ranges for the postoperative
LuTx tacrolimus whole blood concentrations for oral and
intravenous administration to guide transplant doctors and
improve tacrolimus treatment.

A standardized approach to diagnose acute rejection early
after LuTx is lacking in both clinical care and in research. In
a study conducted by Katada et al., there was no observed
correlation between clinically diagnosed acute rejection
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within 2 weeks after LuTx and tacrolimus TTR [4]. How-
ever, they did report TTR to be a predictor for acute rejection
after 4 weeks, albeit in a small sample of four patients. Kao
et al., correlated routine biopsy-proven acute rejections with
tacrolimus TTR [5]. In 157 recipients who underwent rou-
tine bronchoscopies, acute rejection was diagnosed in 20.9%
and 25.7% of the biopsies, taken at 1 and 2 months post-
LuTx, respectively, while no difference was found between
TTR for patients with (46%) and without (47%) acute rejec-
tion. In the current study, the frequency of clinically diag-
nosed acute rejection within 6 weeks after LuTx tended to be
28% higher in the oral group than in the intravenous group.
While this outcome did not meet the threshold for statistical
significance, it may still be of relevance. Acute rejection
in LuTx is associated with an unfavorable long-term graft
outcome [24, 25]. Consequently, our findings may hold clini-
cal significance. Nevertheless, more research is needed to
explore this further, preferably with biopsy-proven rejection
data.

There was no difference in the overall rate of AKI stage
1-3. This study only showed an effect of the tacrolimus route
of administration on AKI stage 1. This could be due to the
higher variability of the tacrolimus blood concentrations in
the oral group. However, AKI is multifactorial and not all
risk factors have been included in analyses. Moreover, no
information was available about pre-LuTx pulmonary hemo-
dynamics/right ventricular function, post-LuTx inflamma-
tion status, shock, duration of ischemia of the lung allograft,
or the use of concomitant nephrotoxic medication, and were
therefore not studied. When comparing our results to a large
meta-analysis including > 40,000 LuTx recipients, the AKI
incidence (stage 1-3), according to the KDIGO criteria, was
lower for both groups in our study (42.6% for the intravenous
group and 46.0% for the oral group vs 53%) [7]. In another
large multinational study, including 1.800 ICU patients,
the AKI incidence (stage 1-3) was 57%, with a severe AKI
(stage 2 or 3) incidence of 39% and an incidence of 13.5%
for AKI with need for RRT. [26] As seen in this study by
Hoste et al., higher stages of AKI are associated with higher
mortality rates in ICU patients, the OR for mortality and
stage 1 AKI being 2.19 (95% CI 1.44-3.35) compared to
no AKI, and could therefore be a clinically significant dis-
advantage for oral tacrolimus treatment. If we stratified by
higher and lower IPV %, patients in the intravenous group
with a lower IPV% had a higher AKI rate than patients with
higher IPV%. This is a striking result, but could be explained
by a higher TAR% in this intravenous group, while AKI is
predominantly influenced by AUC.

Identified confounders for AKI were the need for ECLS
in the first 14 days post-LuTx and the lowest hematocrit in
the first 14 days post-LuTx. Low hematocrit increases the
unbound tacrolimus plasma concentration [27-29]. Hema-
tocrit in the oral group was higher than in the intravenous
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group, which could have had an effect on toxicity, such as
nephrotoxicity. Additionally, the group without ECLS had a
larger proportion of patients with obstructive airway disease
as the reason for LuTx. Obstructive airway disease has been
found to be predictive for a worse renal outcome [28]. All
these factors could explain the higher AKI incidence in this
subgroup.

The use of two large cohorts added to the strength of
this study. In addition, the LuTx protocols were similar and
tacrolimus concentrations were determined with the same
analysis method: LC-MS/MS. The latter is in contrast to
Gallagher et al., Kao et al., and Katada et al., who used
immunoassay to analyze tacrolimus levels, which is known
to have cross-reactivity with tacrolimus metabolites [2, 4,
5]. This potentially leads to a higher variability and makes
interpretation more difficult. Whereas we compared PK
variability between two administration routes, previously
mentioned studies have focused on the effects of variability,
often defined as the coefficient of variance or SD with only
one administration route [2, 5]. These approaches ignore the
outliers and may soften the observed effect.

Despite the abovementioned strengths, there are limita-
tions in view of the retrospective nature of this study.

Due to challenges in data collection, information on tac-
rolimus doses and drug—drug interactions with tacrolimus
could not be incorporated into the multiple linear regres-
sion model. Consequently, we were not able to determine
the length of intravenous administration nor exclude peak
concentrations once the switch to oral administration was
made. As a result, it was not possible to correct the calcula-
tion of IPV% for dose adjustments. Doses are often altered
in the early post-transplantation period, and this may in
part explain the observed IPV%. Regardless, the switch to
oral administration is only made after clinical stabilization,
a period in which the gastro-intestinal blood supply and
uptake of tacrolimus have stabilized. The contribution of
drug—drug interactions to the results is expected to be small
because the protocols for administration of co-medication
were comparable for both hospitals. It would be desirable
to confirm the results from this study in a randomized con-
trolled trial with a direct comparison of oral and intravenous
administration.

Further, even though we attempted to exclude tacrolimus
peak concentrations, we cannot be certain that we excluded
all misclassified ‘supratherapeutic trough’ concentrations,
which could have led to a variability higher than the vari-
ability in reality. This was only relevant for the oral group
and once patients in the intravenous group had switched to
oral administration.

Finally, we correlated TTR% within the first 14 days to
acute rejection within the first 6 weeks post-LuTx, and did
not have information on whether patients had adequate tac-
rolimus concentrations within the desired therapeutic range

from week 2 to 6 after LuTx. This would have been useful
additional information.

For future perspectives, the individual tacrolimus concen-
trations should be corrected for the preceding dose before
calculating IPV%. Furthermore, it may be interesting to look
at the long-term kidney and graft outcomes.

5 Conclusion

The variability in tacrolimus concentrations, measured as
IPV %, was higher when tacrolimus was administered orally
in the first 14 days after LuTx in comparison to continuous
intravenous infusion. Also, the time within the therapeu-
tic range was higher when tacrolimus was administered as
continuous intravenous infusion. There was no significant
difference in overall renal outcome and clinically diagnosed
acute rejection.
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