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Patients with high tacrolimus clearance are more likely to experience tran-
sient under-immunosuppression in case of a missed or delayed dose. We
wanted to investigate the association between estimated tacrolimus clear-
ance and development of graft interstitial fibrosis and tubular atrophy
(IFTA) in kidney transplant recipients. Associations between estimated
tacrolimus clearance [daily tacrolimus dose (mg)/trough concentration
(ug/l)] and changes in IFTA biopsy scores from week 7 to 1-year post-
transplantation were investigated. Data from 504 patients transplanted
between 2009 and 2013 with paired protocol biopsies (7 weeks + 1-year
post-transplant) were included. There were no differences in baseline
biopsy scores (7 weeks) in patients with different estimated tacrolimus
clearance. Increasing tacrolimus clearance was significantly associated with
increased ci + ct score of >2 at 1 year, odds ratio of 1.67 (95% CI; 1.11-
2.51). In patients without fibrosis (ci + ct < 1) at 7 weeks (n = 233),
increasing tacrolimus clearance was associated with development of de novo
IFTA i+t<1 and ci + ct > 2) at 1 year, odds ratio of 2.01 (95% CI;
1.18-3.50) after adjusting for confounders. High tacrolimus clearance was
significantly associated with development of IFTA the first year following
renal transplantation.
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hampered by the development of drug-induced histo-
logical lesions in the renal graft [2,3]. Ideally, TDM

Tacrolimus is characterised by a narrow therapeutic
range and high inter- and intraindividual pharmacoki-
netic variability, and therefore is therapeutic drug moni-
toring (TDM) mandatory [1]. If tacrolimus is dosed too
high following renal transplantation the treatment is
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should be able to discriminate efficacy from toxicity in
all individuals but so far no clear association between
whole-blood exposure (Cy or AUCy 1,,) and the devel-
opment of chronic nephrotoxicity has been established
[4,5]. An easy assessable biomarker to identify recipients
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at risk of developing tacrolimus induced nephrotoxicity
is clinically warranted.

Recipients with high tacrolimus clearance have an
increased risk of under-immunosuppression in case of a
delayed or skipped dose [6]. Estimated tacrolimus clear-
ance has also been linked to reduced glomerular filtra-
tion rate [7]. In a previous study from our transplant
centre it was shown that high tacrolimus clearance was
a risk factor for development of biopsy-proven
acute rejection (BPAR) during the first 90 days post-
engraftment [8].

The main aim of the present analysis was to inves-
tigate the association between estimated tacrolimus
clearance and development of interstitial fibrosis and
tubular atrophy (IFTA) evaluated in paired renal pro-
tocol biopsies available from 7 weeks to 1-year post-
transplantation.

Study population

In this retrospective, single-centre study, data from all
patients receiving a renal allograft in Norway between
2009 and 2013 were included if they were treated with
tacrolimus and had paired protocol biopsies obtained
7 £ 1 weeks and 1 year £ 2 months post-transplanta-
tion with a ci + ct score at 7 weeks <4 (n = 504). Fig-
ure 1 outline the patient flow, including reasons of
exclusion.

Oral tacrolimus was initiated at the day of transplan-
tation, starting with 0.04 mg/kg twice daily in standard
risk patients and 0.05 mg/kg twice daily in high-risk
patients. TDM was applied and doses were adjusted
to reach target whole-blood trough concentrations of
3-7 ng/l in standard immunological risk patients, and
8-12 pg/l (days 0-30) followed by 6-10 pg/l (after day
30) in high immunological risk patients. High immuno-
logical risk was defined as presence of donor specific
antibodies, panel reactive antibodies (PRA) >20% at
transplantation or ABO incompatibility between donor
and recipient.

Induction therapy consisted of 20 mg intravenous
basiliximab at day 0 and 4 after transplantation and
250 mg (standard risk) and 500 mg (high risk) intra-
venous methylprednisolone on day 0. A single dose of
375 mg/m” rituximab was given to DSA-positive and
ABO-incompatible patients 4 weeks before transplanta-
tion (living donor) or at transplantation (dead
donor). From day 0 to 4, 400 mg/kg IVIg were given
to DSA-positive patients, whereas ABO-incompatible
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patients were given 500 mg/kg IVIg at transplantation.
Patients with PRA greater than 20%, which were
DSA-negative, given anti-thymocyte globulin
induction (Genzyme®).

As maintenance immunosuppression in addition to

were

tacrolimus, all patients received 750 mg mycophenolate
mofetil twice daily, and prednisolone once daily, initi-
ated at 20 mg (80 mg in high-risk patients), and
tapered to 10 mg at 4 weeks in standard risk recipients
and 8 weeks in immunologic high-risk patients.

In the early period after transplantation, patients had
their clinical follow-up at the transplant centre. Patients
were scheduled for a protocol biopsy 7 4+ 1 week after
transplantation, followed by a thorough clinical investi-
gation at 8 weeks. Patients were then transferred to their
local hospitals for the clinical follow-up. Local nephrolo-
gists targeted the same tacrolimus trough concentrations
as described above. At 1-year post-engraftment, patients
were scheduled for an additional thorough clinical inves-
tigation at the transplant centre, including protocol biop-
sies.

Tacrolimus clearance estimation

Tacrolimus “clearance” was estimated by dividing the
total daily dose by morning trough concentration
[dose (mg)/trough (pg/l)], as previously described [8],
and for simplicity called “clearance” in this manu-
script. In short, the mean of all whole-blood tacroli-
mus concentrations obtained from 7 days prior to and
2 days after an in-depth investigation day performed
8 weeks after transplantation were used. For patients
experiencing BPAR during the first 90 days, post-trans-
plant clearance was also estimated from three tacroli-
mus dose and trough concentration pairs prior to the
day of initiation of BPAR treatment. This was done to
avoid the potential cytochrome P450 (CYP)-enzyme
induction by the intravenous methylprednisolone ther-
apy (treatment for BPAR) which could overestimate
the determined tacrolimus clearance [9]. The patients
were divided into four groups according to the quar-
tiles of their estimated tacrolimus clearance; low, below
average, above average and high clearance groups. The
effect of donor age on histological scores was assessed
by dividing the patients into three groups according to
donor age; under 55, between 55 and 65, and over
65 years. The effect of living versus deceased donor
was investigated by comparing biopsy scores between
the two groups.

The study was approved by the Regional Committee
for Medical Research Ethics and was performed in
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Total cohort

Cohort without
baseline fibrosis

Figure 1 Patient flowchart.

accordance with the declarations of Helsinki and Istan-
bul. All patients signed a written informed consent.

Biopsies

Protocol biopsies were obtained at 7 £+ 1 week and
additionally 1 year &+ 2 months post-transplantation
during a period of stable graft function and without any
recent rejections. Core biopsies were obtained with
ultrasound guidance using an 18-gauge spring-loaded
biopsy gun. Biopsies containing at least seven glomeruli,
one artery and sufficient tubulointerstitial tissue to
grade interstitial inflammation (i), tubulitis (t), intersti-
tial fibrosis (ci), tubular atrophy (ct) and arteriolar
hyalinosis (ah) were included in the analysis.

Histological classification

All biopsies were prospectively scored by three experi-
enced nephropathologists at our transplant centre. Renal
lesions were graded according to the Banff criteria [10].
Biopsies were classified into four groups according to
previous investigations; (i) normal histology (i + t <1
and ci+ct<1), (ii) inflammation (i+t>2 and
c+ct<1), (i) IFTA i+t<1 and ci + ct >2) and
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(iv) IFTA with inflammation (IFTA +1i) (i +t> 2 and
ci + ct >2) [11]. Arteriolar hyalinosis (Ah)-score was
also included as a potential marker for tacrolimus
nephrotoxicity [12]. Areas with fibrotic scars were
excluded from evaluation.

Analysis of evolution of histological lesions

Evolution of IFTA was done in two different cohorts
of patients; (i) the total cohort (n = 504), which
excluded the five patients with ci + ct score of 6 at 7
weeks, and in (ii) the cohort without fibrosis at base-
line (n =233) showing ci+ct<1 in the 7-week
biopsy. In the total cohort change in ci + ct score of
>2 was assessed as a proof of concept analysis of
IFTA development, while de novo IFTA (i +t<1 and
ci+ct>2) and IFTA+1i (i+t>2 and ci + ct > 2)
were assessed in the cohort without baseline fibrosis.
This strategy was used since the biopsy scoring system
is not linear, i.e. any increase in ci + ct, in these
patients, was considered as a worsening in IFTA.
Tacrolimus nephrotoxicity was in addition assessed as
an increase in ah-score of one step or more (>1) in
the patients from the total cohort with baseline ah-
scores <2 in the 7-week biopsy (n = 493).
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Statistical analyses

Results are expressed as frequencies for categorical
variables or as the mean + standard deviation for con-
tinuous variables. Categorical data were analysed with
x°-test. Continuous data were analysed with Student’s
t-test for comparisons between two groups, and one-
way ANova for comparisons between more than two
groups. Two multivariable binomial logistic regression
models were created using augmented backward elimi-
nation to study independent associations with outcome
variables [13,14]. The outcome variable which was
investigated in model 1 was increase of ci + ct score
by two or more from 7 weeks to 1l-year post-trans-
plant in the total cohort of patients. In model 2 devel-
opment of IFTA at 1 year, defined as i + t <1 and
ci + ct > 2, was the outcome variable in the cohort
without baseline fibrosis of patients with c¢i + ¢t <1 at
7 weeks. During the model building, covariates which
had P-values above 0.2 or changed the other odds
ratio estimates more than 0.05 were eliminated from
the model in a stepwise fashion as described by Dun-
kler et al. [13]. The same covariates were included in
initial model 1 and 2: Continuous estimated clearance
was included as a passive variable (i.e. not excluded in
the case of a P-value above 0.2 or change-in-estimate
larger than 0.05 in the model building) as it is the
explanatory variable of interest in the analyses. Donor
age [15], number of HLA-DR mismatches [11] and
BPAR first 90 days or between day 90 and 400 post-
transplantation [16] and diabetes status at 8 weeks
[17] were included due to a priori knowledge of asso-
ciation with IFTA development. High immunological
risk was included since these patients have higher tar-
get tacrolimus trough targets than patients with stan-
dard immunological risk that may be associated with
IFTA [3]. Deceased donor status, recipient age, recipi-
ent gender cytomegalovirus infection the first 7 weeks
and delayed graft function (DGF, need of dialysis the
first 7 days after transplantation) were included due to
their significant differences between the clearance
groups (Tables 1 and 2) which could be possible con-
founders in the final models. Patients lacking biopsies
at 1 year did not meet the inclusion criteria. These
patients were however included in separate sensitivity
analyses and preformed for both model 1 and model
2. In one analysis the patients lacking 1-year biopsies
were classified as events (i.e. increase of ci + ¢t > 2 in
Model 1 and incidence of IFTA in Model 2), and in
the other analysis the patients were classified as non-
events. All P-values were 2-tailed and P-values below

260

0.05 were considered statistical significant. All analyses
were done in R version 3.4.3 [18].

A total of 1198 adult patients received a renal transplant
from January 2009 to December 2013 at our centre. In
total, 638 patients received tacrolimus as part of their
initial immunosuppressive therapy and were grouped
according to their estimated tacrolimus clearance. Of
these patients, 509 had paired protocol biopsies of suffi-
cient quality for histological scoring obtained at both
7 weeks and 1 year after transplantation. The 134
patients receiving tacrolimus treatment without paired
biopsies or having ci + ct score of 6 at 7 weeks were
evenly distributed between the clearance groups. Exclu-
sion rates from the low, below average, above average
and high clearance groups were 20%, 20%, 24% and
21% respectively (P = 0.77). Patient flowchart with rea-
sons for patient exclusion is shown in Fig. 1.

Baseline demographics of all patients (1 = 504)
included in the analyses are shown in Table 1A. The
high clearance group was younger, had more patients
with DGF and had more women compared to the other
groups. The results were similar in the cohort without
baseline fibrosis of patients with ci + ct < 1 at 7 weeks
except for the insignificant difference in the gender dis-
tribution (Table 1B). In the high clearance group,
tacrolimus doses were higher and trough concentrations
were lower in both low and high immunological risk
patients (Table 2). All trough concentrations were
within target ranges for both low and high immunolog-
ical risk patients. The tacrolimus trough concentrations
in high immunological risk patients without baseline
fibrosis were not significantly different (Table 2B). Sig-
nificantly more patients in the above average clearance
group experienced CMV infection the first 7 weeks
(Table 2).

Histological diagnosis at 7 weeks

In the 7-week biopsies there were no significant differ-
ences in histological scores between patients in the four
clearance groups (Fig. 2). Recipients with deceased
donors were less likely to have normal histology and
showed significantly more IFTA and arteriolar hyalinosis
(ah >1) compared to recipients with living donors
(P <0.001 for all comparisons; Table S1). Donor age
below 55 years was associated with a higher rate of nor-
mal histology, less IFTA and less arteriolar hyalinosis
(ah > 1) compared to the other donor age groups (55—
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transplantation.

65 years and above 65 years) (P < 0.001 for all compar-
isons; Table S2).

Evolution of change in histological lesions between
7 weeks and 1 year

In the total cohort, more patients in the high clearance
group had a >2 increase in ci + ct score from 7 weeks
to 1l-year post-transplant compared to the other clear-
ance groups (Fig. 3). In the cohort without baseline
fibrosis (n = 233) a significantly larger proportion of
the patients in the high clearance group of developed de
novo IFTA (i + t <1 and ci + ct > 2) from 7 weeks to
1 year compared to the other clearance groups (Fig. 4a).
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There were subsequently more patients with normal his-
tology in the low clearance group compared with the
other groups. There was no difference in the increase in
the ah-score with one step or more (>1) between the
clearance groups (Fig. 4b). No other histological find-
ings showed significant changes during the first year
post-transplantation between the clearance groups.

Grafts from deceased donors showed significantly less
normal histology (i+t<1 and ci + ct <1) at 1 year
compared to living donors (Table S3). There was how-
ever no significant difference in development of IFTA
during the first post-transplant year between living and
deceased donor patients in the cohort without baseline
fibrosis (Table S4).
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Donor age also influenced histology scores at the 1-
year time point, showing significantly less normal
histology, more IFTA and ah >1 with increasing age (P-
value for all comparisons <0.001, Table S5). Twenty-
eight percent (52 of 187) of recipients with donor age
below 55 years which had ci + ¢t <1 at 7 weeks devel-
oped de novo IFTA at 1 year compared to 33% (10 of
30) of recipients with donors between 55 and 65 years
and 63% (10 of 16) of recipients with donors older than
65 years, P = 0.015 (Table S6). Kidney age also affected
development of arteriolar hyalinosis during the first year
after transplantation. Twenty-six percent (20 of 77) of
recipients with donors above 65 years and 25% (26 of
103) of recipients with donors between 55 and 65 years
had an increase in ah-score of >1 compared to 15% (46
of 313) of recipients with donors younger than 55 years,
P =0.012.

Tacrolimus clearance as a predictor of IFTA

Tacrolimus clearance was applied as an explanatory
variable in two separate multivariable binomial logistic
regression models presented in Tables 3 and 4. Model 1
was made with the total patient cohort (n = 504).
Tacrolimus clearance was significantly associated with
an increase in ci + ct score >2 from 7 weeks to 1 year
(Table 3). The final model 1 was adjusted for high
immunological risk and BPAR between day 90 and 400,
which also was significantly associated with increase in
ci + ct score. All other covariates were backwards elimi-
nated due to P-values above 0.2.

The second multivariable model included the 233
patients without baseline fibrosis, having ci + ¢t < 1 in
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Figure 3 Increase of ci + ct score >2
from 7-weeks to 1-year post-
transplantation in the total patient
cohort (n = 504).

their 7-weeks biopsies. The final model 2 showed signif-
icant association between tacrolimus clearance and
increased odds of developing de novo IFTA. The final
multivariable model 2 was adjusted for immunological
high risk and donor age, which also was significantly
associated with de novo IFTA development and recipient
male gender which showed a protective tendency for
development of de novo IFTA. The model is presented
in Table 3. The overall results from the sensitivity anal-
yses were similar to the results from the final models
(Model 1 and 2) (Tables S7-S10).

The main finding in this large, longitudinal study was
that renal transplant recipients with a phenotype of high
tacrolimus clearance showed an increased risk of devel-
oping IFTA during the first year post-engraftment. This
was shown in two different analyses investigating biopsy
changes from 7 weeks to 1-year post-engraftment. The
first analysis included all tacrolimus treated patients
with paired biopsies from 7 weeks and 1 year where
more patients in the high clearance group developed a
ci + ct > 2 score in theses biopsies. The other analysis
included patients with kidneys not showing any signs of
IFTA at 7 weeks. More than twice as many patients in
the highest quartile of tacrolimus clearance developed
de novo IFTA during the first post-transplant year com-
pared to the lowest quartile.

The significance of this finding is further substanti-
ated by the multivariable logistic regression analyses of
this easily assessable risk marker of tacrolimus clear-
ance. An increase of 1 “clearance unit” was associated
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with twice as high odds ratio for development of de
novo IFTA during the first year. In other words, a
patient needing 7.5 mg tacrolimus per day to achieve
a trough concentration of 5 pg/l had a twice as high
odds ratio for developing de novo IFTA compared
with a patient taking 2.5 mg tacrolimus per day to
achieve the same trough concentration. Similarly do
the same patients with a higher clearance have a 64%
higher odds for a two or more biopsy verified increase
in ci+ ct score from 7 weeks to 1 year. The latter
analysis was adjusted for immunological high-risk sta-
tus and BPAR between day 90 and 400 and the inter-
pretation should be done with caution as fewer
adjustment variables may lead to larger odds ratios. Of
note, there association with

was no increasing
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Histological findings:

I Normal histology, P=0.029

mn  Inflammation, P =0.51
IFTA+i, P=0.40

0 IFTA, P=0.007

Clearance group

Arteriolar hyalinosis score:

No ah change
" ahchange=1,P=0.12

Clearance group

tacrolimus clearance and the development of >1
ci + ct score (data not shown). Implying that this bio-
marker is not sensitive enough for predicting small
changes in IFTA-score in kidneys already exposed to
some degree of IFTA.

Tacrolimus trough concentrations were not included
in the multivariable analyses since both high- and stan-
dard immunological risk patients were included for a
more real-world analysis of IFTA development. These
patient groups have different target trough concentra-
tions and inclusion of the concentrations could have
biased the analyses. However, the final models were
adjusted for high immunological risk status and tacroli-
mus clearance was still significantly associated with both
development of de novo IFTA in the cohort without
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Table 3. Multivariable logistic regression analysing odds ratios for increase in ci + ct score of >2 from 7 weeks to 1-
year post-transplant (n = 504).

Clearance*
Immunologic high risk
Donor age, years
Recipient male gender
Recipient age, years
HLA-DR mismatch
DGF, yes

BPAR first 90 days
BPAR 90-400 days
Living donor

Diabetes at 7 weeks
CMV infection first 7 weeks

1.54
2.03
1.01
0.93
1.00
0.82
1.25
1.43
4.06
1.24
0.93
1.42

0.98-2.40
1.12-3.60
0.99-1.03
0.57-1.55
0.98-1.01
0.56-1.21
0.48-3.03
0.70-2.79
1.46-10.96
0.75-2.04
0.49-1.67
0.48-3.67

1.11-2.51 0.013
1.23-3.79 0.006

0.057 1.67
0.018 2.18
0.30
0.79
0.68
0.32
0.63
0.31
0.006 3.84
0.39
0.80
0.49

1.40-10.20 0.007

BPAR, biopsy-proven acute rejection; DGF, delayed graft function; HLA, human leukocyte antigen.

The final multivariable model was built by augmented backwards elimination.

*Qdds ratio per unit increase in continuous tacrolimus clearance estimated by [daily tacrolimus dose (mg)/trough concentration
(ng/] at 8 weeks or before BPAR treatment.

tImmunological high risk is defined as presence of donor specific antibodies and/or PRAs >20% and/or ABO incompatibility at
transplantation.

Table 4. Multivariable logistic regression analysing odds ratios for developing IFTA at 1-year post-transplantation in
patients with ci + ct < 1 at 7 weeks (n = 233).

Clearance* 2.19 1.16-4.20 0.016 2.01 1.18-3.50 0.010
Immunologic high riskt 3.32 1.49-7.53 0.003 3.27 1.51-7.19 0.003
Donor age, years 1.06 1.03-1.09 <0.001 1.06 1.03-1.08 <0.001
Recipient male gender 0.65 0.34-1.22 0.18 0.62 0.33-1.14 0.12
Recipient age, years 0.99 0.97-1.01 0.43

HLA-DR mismatch 0.88 0.52-1.47 0.62

DGF, yes 0.70 0.11-4.06 0.70

BPAR first 90 days 0.80 0.24-2.41 0.70

Living donor 0.92 0.48-1.77 0.81

Diabetes at 7 weeks 1.20 0.53-2.63 0.66

CMV infection first 7 weeks 2.21 0.44-10.59 0.32

BPAR, biopsy-proven acute rejection; DGF, delayed graft function; HLA, human leukocyte antigen.
The final multivariable model was built by augmented backwards elimination.

*Qdds ratio per unit increase in continuous tacrolimus clearance estimated by [daily tacrolimus dose (mg)/trough concentration
(ug/N] at 8 weeks or before BPAR treatment.

tlmmunological high risk is defined as presence of donor specific antibodies and/or PRAs >20% and/or ABO incompatibility at
transplantation IFTA defined asi+t <1 and ci + ct > 2.

baseline fibrosis and an increase of ci + ct score >2 in  hyalinosis at 7 weeks post-engraftment. In the analysis
the total cohort. investigating development of de novo IFTA from

As expected, kidneys from both older and deceased 7 weeks to 1 year, the patients already having IFTA at
donors showed significantly more IFTA and arteriolar 7 weeks were not included. Even when removing this
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bias there was a significant effect of donor age on the
development of IFTA. This probably implies that kid-
neys from older donors, even if in good condition at
the time of transplantation are more vulnerable for
development of tacrolimus induced IFTA [15].

We have previously found that high tacrolimus clear-
ance was associated with an increased risk of BPAR dur-
ing the first 3 months post-engraftment [8]. There was
no association between earlier BPAR status and devel-
opment of IFTA in the final multivariable analyses.

In the current study no association was shown
between high tacrolimus clearance and development
of arteriolar hyalinosis. Historically, arteriolar hyali-
nosis has been regarded as the hallmark of calcineurin
inhibitor nephrotoxicity [12]. Arteriolar hyalinosis has
also been associated with aging, diabetes and hyper-
tension [19,20]. The present data support that arterio-
lar hyalinosis is not a specific marker for tacrolimus
nephrotoxicity.

Tacrolimus is extensively metabolised by the CYP3A-
family and patients expressing functional CYP3A5
enzymes (i.e. hetero- or homozygote CYP3A5%1) have
higher tacrolimus clearance [21]. CYP3A5 genotype data
were not routinely assessed in this cohort and are a limi-
tation to the present study. There are most likely a higher
proportion of CYP3AS5 expressers in the group of patients
with high clearance phenotype compared with the other
phenotypes. But there will be patients in the groups with
lower estimated clearance that express CYP3A5 and
patients in the high clearance group that do not express
CYP3A5 [5]. CYP3A5-status is likely to influence the
clearance estimate, but other factors affecting tacrolimus
clearance will also be reflected in the estimate. Our clear-
ance estimate phenotypes the high clearance which may
come from other factors in addition to CYP3A5. The
association between CYP3A5-expression and incidence of
various histological lesions has earlier been investigated
in renal transplanted patients with inconsistent findings.
Some studies have observed a significant association
[4,5], while others have not [15,22-24]. One study has
even found an association between the non-expressing
genotype (CYP3A5*3) and nephrotoxicity [25], support-
ing that other factors most probably also are involved.

The mechanisms of tacrolimus induced nephrotoxic-
ity need elucidation. To achieve similar tacrolimus
trough concentrations patients with high clearance
need, higher doses and hence higher tacrolimus peak
concentrations (C,,,.) are obtained. The more rapid
elimination will also result in lower concentrations in
case of an offset or skipped dose that may induce
transient  periods of subtherapeutic  tacrolimus
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concentrations [6]. Such intermittent underexposure
may lead to alloimmune activation, which has been
shown to drive fibrosis [26,27]. If this is the case then the
present findings cannot discriminate if it is the high peak
concentrations and/or transient under-immunosuppres-
sive episodes that drives the IFTA development. In high
clearance patients using immediate release, twice daily,
tacrolimus formulations will risk experiencing both low
and high concentration patterns. Switching to a pro-
longed release, once daily, formulation may benefit these
patients [28]. However, a previous study comparing
twice daily versus once daily tacrolimus showed however
no differences in biopsy-findings obtained 14 days and
6—-12 months after transplantation [29].

Another potential explanation for the present findings
is higher levels of tacrolimus metabolites in patients
with high clearance. To our knowledge, no studies com-
paring demethylated metabolite concentrations and his-
tological lesions in transplanted kidneys have been
conducted. Zegarska et al. [30] found a significant nega-
tive correlation between the 15-O-demethyl tacrolimus
(15-DMT, also named M-III) concentration and esti-
mated glomerular filtration rate, which indirectly may
support this hypothesis.

Patients lacking biopsy 1-year post-transplant were
not included in the main analyses. This may lead to bias
due to conditioning on a future event. The sensitivity
analyses did however reveal that there was only minor
bias from this conditioning.

The tacrolimus clearance estimate used in this study
was calculated from a single period after transplantation
for each patient. A limitation to this clearance estimate
is that we unfortunately do not have data estimating
clearance over time in the weeks and months following
transplantation. We have not found any associations
between estimated tacrolimus clearance and survival of
patients or grafts (data not shown). This may be due to
insufficient follow-up time and will be reassessed. The
main strength of this retrospective study is the large
sample size and the fact that it is a national cohort of
patients transplanted at the same centre with a uniform
clinical follow-up.

We have found a significant association between high
tacrolimus clearance estimated in the early phase post-
transplantation and the development of IFTA from
7 weeks to 1 year after transplantation. The causality of
the association is not assessable from this study, but lar-
ger fluctuations in tacrolimus concentrations with high
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peaks and transient under immunosuppression, and
increased exposure to metabolites may be a part of the
explanation. Switching to extended release tacrolimus
may be beneficial for these patients, but this must be
further investigated.
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