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Adolescent and young adult age is a high-risk window with an alarmingly
increased likelihood of premature kidney graft loss due to immunological
rejection. Using the large database of the Collaborative Transplant Study,
we analyzed whether a more intense and less variable exposure to tacroli-
mus could counteract this young age-related enhanced immunoreactivity.
Kidney graft recipients aged 12-23 years (n = 964) with a 1-year tacroli-
mus trough level between 4.0 and 10.9 ng/ml had a 5-year graft survival
rate of 85.1%, significantly better than the poor 66.1% rate in patients with
a trough level below 4.0 ng/ml who showed a 2.38-fold increased risk of
graft loss in the multivariable analysis (P < 0.001). This association was
not apparent in young children aged 0-11 years (n = 455) and less pro-
nounced in adults aged 24-34 years (n = 1466). However, an intra-patient
variability of tacrolimus (IPV) trough level >1.5 at post-transplant years 1
and 2 was associated with an increased graft loss risk in both 12- to 23-
year-old and 0- to 1l-year-old recipients (P < 0.001 and P = 0.045).
Patients with high IPV made up as many as 30% of kidney graft recipients,
indicating that a more intense and less variable exposure to tacrolimus
could improve graft survival strongly in this high-risk group.
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graft survival in the pediatric population has signifi-
cantly improved [5-8]. Among multiple factors such

Renal transplantation is the treatment of choice for
children and adolescents with end-stage renal disease,
because it improves long-term patient survival, reduces
overall morbidity, and ensures near-normal cognitive
and psychomotor function [1—4]. In recent decades,

as better operative procedures and improved selection
of deceased kidney donors [8], this trend is also attrib-
uted to the widespread use of potent agents for induc-
tion and maintenance immunosuppressive therapy
[5,6].
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Multiple studies, however, highlighted the adolescent
age as a still existent high-risk window with an alarm-
ingly increased likelihood of premature graft loss [9-
13]. No recipient subgroups are exempt from the dra-
matic increase in graft loss during late adolescence and
early adulthood, a high-risk window that modifies the
relationship between typical recipient risk factors, such
as donor type, panel-reactive antibodies, transplant his-
tory, insurance type and cause of renal disease, and
graft loss [10]. The main contributing factor is certainly
poor adherence to immunosuppressive medication
[14,15]; however, biologic differences related to a
maturing immune system may also add to the increased
rejection risk in this age group [16,17].

Nonadherence to immunosuppressive medication is,
due to its nature, challenging to assess. Therefore, investi-
gators have focused on indirect indicators such as low
trough levels of immunosuppressive agents [18,19]. In
addition, measurement of tacrolimus intra-patient vari-
ability (IPV), which is highly linked to long-term graft
survival [13], has recently emerged as an indirect tool for
estimating medication adherence in solid organ recipients
[20]. In adult renal transplantation, Borra et al. [21] were
the first to report that a high tacrolimus IPV was associ-
ated with reduced kidney transplant survival. In the pedi-
atric patient population, one single-center case—control
study recently reported that patients with late acute cellu-
lar rejection had a higher tacrolimus IPV than matched
patients with stable graft function [22]. Two of the main
limiting factors in studies regarding outcome in pediatric
transplantation in relation to tacrolimus IPV is the small
total number, due to relatively few pediatric kidney recip-
ients and the monocentric study design, which reduces
the generalizability of obtained results.

Contrary to broad scientific agreement about the risk
associated with under-dosing of immunosuppressive
agents, clinical data regarding optimal exposure or
trough levels of immunosuppressive agents remain
sparse, especially for maintenance therapy of graft recip-
ients [23,24]. In particular, there are no reliable data
concerning the pediatric and adolescent population. We
hypothesized that a more intense and less variable expo-
sure to the main immunosuppressant tacrolimus could
counteract the enhanced immune reactivity in the high-
risk age group of adolescents and young adults and
result in better graft survival. To this end, we investi-
gated the association of tacrolimus trough levels beyond
the Ist post-transplant year and of late tacrolimus IPV
with long-term kidney graft survival as a robust end-
point in a large multicenter cohort of pediatric and
young adult renal transplant recipients.
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This is a retrospective study of pediatric and young
adult renal transplant recipients reported to the Collab-
orative Transplant Study (CTS) database (www.ctstrans
plant.org) [25], who received a kidney transplant from
a deceased donor between January 1, 2001, and Decem-
ber 31, 2017 (Fig. 1). Patients with multi-organ trans-
plantations, missing follow-up data, graft loss within the
first year post-transplant, and patients on mammalian
target of rapamycin inhibitors were excluded. The
patients were aged between 0 and 23 years at time of
transplantation and were followed up to end of year 5
post-transplant. The upper age limit of 23 years was
chosen as previous studies had suggested that renal graft
survival in young adults is comparable to those of ado-
lescent recipients [9-12]. For comparison, the subse-
quent age group of 24- to 34-year-old adult renal
transplant recipients was also analyzed (Fig. 1).

The CTS registry records information on follow-up
at year 1 post-transplant and then annually. Patient data
for this study were derived from over 100 centers in 31
countries. The work of the CTS is approved by the
Ethics Committee of the Medical Faculty of Heidelberg
University (No. 083/2005) and performed in accordance
with the World Medical Association Declaration of Hel-
sinki Ethical Principles in the currently valid version.

The first request for information on immunosuppres-
sion was made at post-transplant year 1 in patients with
a functioning graft and then at years 2, 3, and 5. On
the basis of this data collection, for the analysis of the
effect of variability of recorded values on late graft sur-
vival, the values after the first post-transplant year are
the best choice because they are obtained in a stable
phase of medication after transplantation. Therefore,
patients with a functioning graft at year 1 post-trans-
plant, who were on tacrolimus medication during the
first post-transplant year and on whom the information
was available on dosage and tacrolimus C, trough levels
at year 1 and year 2, were analyzed (Fig. 1). The term
“graft survival during post-transplant years 2-5” refers
to patients with a functioning graft at 1 year post-trans-
plant, who might loose their graft during the years 2-5
post-transplant.

We examined the intra-patient variability (IPV) of
tacrolimus trough levels based on the post-transplant 1-
and 2-year tacrolimus trough level. IPV was calculated
as the ratio of the respective higher value divided by the
respective lower value. Mantel-Cox log-rank (with
trend) test was used for analysis of the association of
both trough intra-patient

tacrolimus levels and
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Figure 1 Flow chart of included patients depending on availability of data.

variability of tacrolimus trough levels with graft sur-
vival. In the investigated age range between 0 and
34 years, the annual mortality was 0.6% only, without
significant differences between the subgroups. Because
of this negligible difference between overall graft sur-
vival and death-censored graft survival, we report only
data on overall graft survival. Multivariable Cox regres-
sion analysis was performed to account for the possible
influence of the following confounders: transplant year,
geographical region, transplant number, recipient and
donor age and gender, original HLA-
A + B + DR mismatches, pretransplant antibodies, time
and type of dialysis, cold ischemia time, induction ther-
apy, immunosuppression at year 1 (type of antimetabo-
lite, steroids), 1-year systolic blood pressure, and 1-year
serum cholesterol. All confounders were suitably catego-
rized, and the few missing values (<5%) were included
in the analysis either with missing data indicators or by
imputation methods. Unfortunately, confounders such
as delayed graft function (DGF), estimated glomerular
filtration rate, and proteinuria with a possible associa-
tion could not be considered due to missing or, in the
case of DGF, between the centers greatly varying infor-
mation. A back-step elimination algorithm was used to
exclude confounding factors with a threshold of P val-
ues >0.2. The interactions between confounders were
also considered, and in the case of recipient age, further
analyses were performed. Chi-squared (with trend) and
Mann—Whitney U-test were used for the comparison of

disease,
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the demographic characteristics. The software package
1BM spss Statistics version 25.0 (SPSS Inc., IBM Corpora-
tion, Somers, NY, USA) was used. P values below 0.05
were considered statistically significant.

Study population

Between the years 2001 and 2017, the CTS registry lists
11 011 patients between the age of 0 and 23 years who
had received a renal allograft from a deceased donor
(Fig. 1). In 6286 patients (57%), data about graft func-
tion and medication at 1 year post-transplant were
available. Of those, 4250 patients were on a tacrolimus-
based immunosuppressive regimen at year 1 post-trans-
plant. Corresponding tacrolimus trough levels were
available in 1419 patients, in 1042 patients also at year
2 post-transplant. The patient group of 1419 patients
was stratified into the age group 0-11 years (presum-
ably pre-adolescent patients) and the age group 12—
23 years (adolescents and young adults). The rationale
for this stratification was that according to previous
reports, graft survival in adolescents and young adults is
significantly lower than in pre-adolescent patients [9-
12]. The upper age limit of 23 years was chosen as pre-
vious studies had suggested that renal graft survival in
young adults is comparable to those of adolescent recip-
ients [9-12]. Twenty-four- to 34-year-old patients were
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analyzed for comparison (Fig. 1). Table 1 shows the
respective demographic and disease characteristics of
these three cohorts and Table 2 the number of graft
failures after 1 year and after 2 years post-transplant.
Graft survival during post-transplant years 2-5 in
patients with known 1-year tacrolimus trough levels did
not significantly differ from the remaining patients with
different medication or missing tacrolimus trough
levels, indicating that the analyzed patient cohort is rep-
resentative for this patient population in general
(Fig. S1).

Figure 2a shows the distribution of recipient age at
transplantation in patients with graft survival greater
than 1 year and known 1-year tacrolimus trough level.
The patient number in each 2-year age period increased

with recipient age, peaked in the 15- to 17-year-old
group and declined thereafter, most likely due to prior-
ity for pediatric patients in most organ allocation sys-
tems. Figure 2b displays the distribution of 1-year
tacrolimus trough levels in this patient cohort. There
was a near-normal distribution of data with most
patients being in the range between 4.0 and 10.9 ng/ml;
8.1% showed a tacrolimus trough level < 4.0 ng/ml and
8.0% a trough level > 11.0 ng/ml.

Graft survival in relation to recipient age and 1-year
tacrolimus trough level

As illustrated in Fig. S2, overall graft survival at year 5
post-transplant differed significantly among the age

Table 1. Demographics of study patients with known 1-year tacrolimus trough level, n (%) or mean + standard
deviation, P values of tests between age groups 0-11 and 12-23 years are shown.

Recipient age

0-11 years 12-23 years 24-34 years
Characteristic Unknown (%) n = 455 n = 964 n = 1466 P
Transplant year
2001-2008 = 141 (31) 297 (31) 492 (34) 0.95
2009-2017 314 (69) 667 (69) 974 (66)
Transplant number
First transplant 0.1 428 (94) 861 (89) 1,203 (82) 0.002
Retransplant 25 (6) 102 (11) 263 (18)
Recipient sex
Female = 184 (40) 415 (43) 636 (43) 0.35
Male 271 (60) 549 (57) 830 (57)
Time on dialysis (months)
No dialysis 0.9 36 (8) 60 (6) 29 (2) 0.24
Mean + SD 27.0 £ 204 31.3 &+ 32.0 62.3 4+ 48.9 0.86
Original disease
Glomerular 0.6 90 (20) 218 (23) 342 (23) <0.001
Congenital 160 (35) 179 (19) 120 (8)
Other 202 (45) 562 (59) 996 (68)
Donor sex
Female 0.2 175 (39) 371 (39) 578 (39) 0.99
Male 278 (61) 590 (61) 888 (61)
Donor age (years)
Mean + SD - 20.2 &+ 15.5 248 + 16.4 40.1 &+ 15.0 <0.001
Cold ischemia time (h)
Mean + SD 2.4 17.0 £ 6.5 193+ 7.6 189 + 7.7 <0.001
HLA-A + B + DR mismatches
Mean =+ SD 4.1 35+ 1.2 33+ 14 28+ 1.4 0.012
1-year systolic BP (mmHg)
Mean + SD 2.4 108 £+ 12 120 £ 15 126 £+ 15 <0.001
1-year tacrolimus TL (ng/ml)
Mean + SD - 6.8+ 24 73+ 26 7.7 £28 <0.001

BP, blood pressure; SD, standard deviation; TL, trough level.
Chi-squared or Mann-Whitney test are used.
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Table 2. Number of graft failures after 1 year (during years 2-5 post-transplant) and after 2 years (during years 3-5

post-transplant).

Years 2-5 post-transplant

Years 3-5 post-transplant

Recipient age (years) N Number of graft failures N Number of graft failures
0-11 455 22 345 11
12-23 964 131 697 78
24-34 1466 161 1022 84
400 (a) 363 300 (b) -
200

2 2

8 8

& &

Recipient Age (years)

100

0

S L0 19 9 (O 10 .0 O O O O

2 S
Nl

D7 P B (9707 A7 (B (97 A
SRR

1-Year Tacrolimus Trough Level

Figure 2 Distribution of (a) recipient age (years) and (b) tacrolimus 1-year trough level (ng/ml) in 0- to 23-year-old patients with graft survival

greater than 1 year and known 1-year tacrolimus trough level.

groups; patients between 0-5 years or 6-11 years of age
(presumably pre-adolescent children) had a significantly
better graft survival during post-transplant years 2-5
than patients between 12-17 years or 18-23 years
(P < 0.001), while graft survival in patients aged 24-29
and 30-34 years was intermediate. Associated differ-
ences between the age categories 0-5 and 6-11 years or
12-17 and 18-23 years were not statistically significant
(P = 0.37 and P = 0.44, respectively).

Next, we stratified the patient cohort according to
the 1-year tacrolimus trough level into the following
three subgroups: (i) <4.0 ng/ml (low tacrolimus expo-
sure), (ii) 4.0-10.9 ng/ml (standard tacrolimus expo-
sure), and (iii) >11.0 ng/ml (high tacrolimus exposure).
While in young patients (aged 0-11 years), 5-year graft
survival was not significantly different among the three
subgroups (Fig. 3a), and graft survival differed signifi-
cantly in relation to the 1-year tacrolimus trough level
in adolescents and young adults (12-23 years of age;
Fig. 3b). Adolescents and young adults with a 1-year
tacrolimus trough level between 4.0 and 10.9 ng/ml had
a 5-year graft survival rate of 85.1% compared to the
extremely low 66.1% rate in patients with a trough level
of <4.0 ng/ml. Comparable results were obtained when
the tacrolimus trough level was below 4 ng/ml at year 1

Transplant International 2020; 33: 1681-1692

post-transplant, at year 2, or both at years 1 and 2 (re-
sults not shown). Also, comparable results were
obtained when the 1-year tacrolimus trough level was
>6.0 ng/ml or 4.0-5.9 ng/ml (results not shown). In
adults 24-34 years of age, the difference in 5-year graft
survival among the three subgroups was much less pro-
nounced (Fig. 3c). When patients with a functioning
graft at year 2 were analyzed, in all three age groups a
low 1-year tacrolimus trough level <4.0 ng/ml was asso-
ciated with a more than 2-fold higher incidence of trea-
ted rejection episodes during the second post-transplant
year (Fig. S3, supplemental digital content), which sup-
ports the assumption that the mechanism of the nega-
tive association of a low 1-year tacrolimus trough level
with graft survival is rejection-related.

In adolescent and young adult patients, the risk of
premature graft loss associated with a low 1-year tacro-
limus trough level <4.0 ng/ml was 2.38-fold higher
compared to a trough level of 4.0-10.9 ng/ml, whereas
the risk was not significantly increased in recipients
aged 0-11 years (Table 3). In 24- to 34-year-old adult
patients, the risk of premature graft loss due to a low 1-
year tacrolimus trough level <4.0 ng/ml was with 1.94-
fold increase lower than the 2.38-fold increase in adoles-
cent and young adult patients (Table 3). When the 12-

1685
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(a) Age 0-11 years

(b) Age 12-23 years

(c) Age 24-34 years

100 100 1 100
T T o
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9% 40-10.9 4 | 90 o100
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£ 80 80 | 80 |
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O
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50 | 4.0-10.9 385 93.1 50 | 4.0-10.9 806 85.1 50 1 4.0-10.9 1,194 88.4
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Time post-transplant (years)

Time post-transplant (years)

Time post-transplant (years)

Figure 3 Association of 1-year tacrolimus trough level (ng/ml) with graft survival during post-transplant years 2-5 for the age groups (a) 0-11,
(b) 12-23, and (c) 24-34 years at the time of transplantation. Log rank P values of Kaplan—Meier analysis are shown.

to 23-year-old group was further stratified into adoles-
cent (12—17 years of age) and young adult (18-23 years
of age) patients, a comparably increased risk of prema-
ture graft loss was observed in both groups [12-
17 years, hazard ratio (HR) 2.23; 18-23 years,
HR = 2.85; Table 4]. A 1-year tacrolimus trough level
>11.0 ng/ml in 12- to 23-year-old patients was associ-
ated with a 1.72-fold increased risk of premature graft
loss compared to a trough level of 4.0-10.9 ng/ml; there
was no significantly increased risk of a tacrolimus
trough level >11.0 ng/ml in 0- to 11-year-old patients
or in 24- to 34-year-old patients (Table 3, Fig. 3).

Graft survival in relation to intra-patient variability of
tacrolimus trough levels

We analyzed the association of intra-patient variability
(IPV) of tacrolimus trough levels at post-transplant years 1
and 2 with subsequent graft survival during post-transplant
years 3—5. As reported previously [13], a simple and practi-
cally easily applicable method for calculating IPV is deter-
mining the maximum ratio between two consecutive
tacrolimus trough level values. An IPV of 30% corresponds
hereby to a trough level ratio of 1.54 and an IPV of 45% to
a ratio of 1.93. Therefore, we considered the ratio cutoffs
1.5 and 2.0 as a simple method to judge variability.

The majority of 0- to 23-year-old patients (730 of
1042, 70%) had a tacrolimus trough level ratio of <I.5,
201 patients (19%) a ratio between 1.5 and 1.9 and 111
patients (11%) a tacrolimus trough level ratio of >2.0
(Fig. S4). There was a highly significant (P < 0.001)
association of IPV of tacrolimus trough level with graft
survival during post-transplant years 3-5 (Fig. S4). We
observed a stepwise reduction of 5-year graft survival

1686

with increasing IPV. Patients with a trough level ratio
<1.5 had an excellent 5-year graft survival rate of
92.7%, whereas patients with a high trough level ratio
>2.0 had a graft survival rate of only 79.9%. Intermedi-
ate graft survival rates were observed in patients with a
ratio of 1.5-1.9. As illustrated in Fig. S5, it did not
make a statistically significant difference whether the
reason for IPV was a decrease or an increase of the
tacrolimus trough level from year 1 to year 2.

Next, we analyzed the association of the IPV of tacro-
limus trough levels with graft survival during post-
transplant years 3—5 for the age groups 0-11, 12-23 and
24-34 years separately (Fig. 4). The percentage of
patients with an IPV >1.5 was comparable in all three
age groups with a rate of approximately 30%. In con-
trast to the association of low 1-year tacrolimus trough
level, which was absent in 0- to 11-year-old recipients,
IPV of tacrolimus trough levels was associated with
graft survival both in the 0-11 and 12-23 years age
group. The risk of graft loss increased 2.5-fold in 12- to
23-year-old patients with a tacrolimus trough level ratio
>1.5 (multivariable Cox HR = 2.47,
P < 0.001; Table 3) as compared to patients with a low
tacrolimus trough level ratio <1.5. The IPV’s association
with graft survival was evident in 0- to 1l-year-old
young children with a 3.86-fold and in 24- to 34-year-
old adults with a 1.76-fold increased risk (P = 0.045
and 0.012, respectively; Table 3).

When the 12- to 23-year-old cohort was stratified
into adolescent patients (12—17 years of age) and young
adults (18-23 years of age), the association of IPV of
tacrolimus trough levels with graft survival during post-
transplant years 2—-5 remained strong and was compara-
ble in both groups; the corresponding hazard ratios of a

regression
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Table 3. Results of the Cox regression analysis of the
entire study population stratified by age for the
association of 1-year tacrolimus trough level and intra-
patient tacrolimus trough level ratio with graft survival
during the first five post-transplant years.

Graft survival and tacrolimus exposure

Table 4. Results of the Cox regression analysis of the
adolescent and young adult subgroup stratified by age for
the association of 1-year tacrolimus trough level and
intra-patient tacrolimus trough level ratio with graft
survival during the first five post-transplant years.

Recipient age N HR 95% Cl Pvalue  Recipientage N HR 95% Cl P value
O0-11 years 12—17 years
Trough level Trough level
<4.0 42 0.90 0.19-4.20 0.90 <4.0 49 2.23 1.21-4.12 0.010
4.0-10.9 385 1 (ref) - - 4.0-10.9 535 1 (ref) - -
>11.0 28 0.52 0.074.06 0.53 >11.0 49 1.52 0.72-3.22 0.27
Ratio Ratio
<1.5 242 1 (ref) - - <1.5 321 1 (ref) - -
>1.5 103 3.86 1.03-14.4  0.045 >1.5 152 2.11 1.23-3.61 0.006
12-23 years 18-23 years
Trough level Trough level
<4.0 73 238 1.47-3.86 <0.001 <4.0 24 2.85 1.27-6.41 0.011
4.0-10.9 806 1 (ref) - - 4.0-10.9 271 1 (ref) - —
>11.0 85 1.72 1.01-2.91 0.046 >11.0 36 2.24 1.00-5.01 0.050
Ratio Ratio
<1.5 488 1 (ref) - - <1.5 167 1 (ref) - —
>1.5 209 2.47 1.57-3.87 <0.001 >1.5 57 4.05 1.63-10.1 0.003
24-34 years
Trough level ref, reference.
<4.0 88 1.94 1.19-3.17 0.008 Hazard ratios (HR) with 95% confidence interval (Cl) of low
4.0-10.9 1194 1 (ref) - - tacrolimus trough level <4 ng/ml and high ratio of tacrolimus
>11.0 184 137 0.88-2.13 0.17 trough levels at 1 and 2 years >1.5 are shown. The HR were
Ratio adjusted for the following variables: recipient age, geographi-
<1.5 713 1 (ref) — - cal region, recipient and donor gender, HLA-A + B + DR mis-
>1.5 309 1.76 1.14-2.74  0.012 matches, primary renal disease, 1-year systolic blood

ref, reference.

Hazard ratios (HR) with 95% confidence interval (Cl) of low
tacrolimus trough level <4.0 ng/ml and high ratio of tacroli-
mus trough levels at 1 and 2 years >1.5 are shown. The HR
were adjusted for the following variables: recipient age, geo-
graphical region, recipient and donor gender, HLA-
A + B + DR mismatches, primary renal disease, 1-year systolic
blood pressure, immunosuppressive medication at year 1.
Significant differences are indicated in bold.

tacrolimus trough level ratio >1.5 as a risk factor for
graft loss were 2.11 for 12- to 17-year-old and 4.05 for
18- to 23-year-old patients (P = 0.006 and 0.003,
respectively; Table 4).

Next, we analyzed the association of IPV of tacroli-
mus trough levels with graft survival during post-trans-
plant years 2-5 in the high-risk 12- to 23-year cohort in
detail (Fig. 5). A high IPV of tacrolimus trough level in
this group showed a negative association with graft sur-
vival even in the absence of known risk factors, such as
tacrolimus trough level <4.0 ng/ml at years 1 and 2
post-transplant or previous rejection treatments during
the first 2 post-transplant years (for both comparisons
P < 0.001 as compared to patients with an IPV <1.5),

Transplant International 2020; 33: 1681-1692

pressure, immunosuppressive medication at year 1. Signifi-
cant differences are indicated in bold.

indicating that a high IPV of tacrolimus trough level is
an independent risk factor for graft survival. In pedi-
atric and young adult patients (0-23 years of age), the
combined exposure measures tacrolimus trough level
>4 ng/ml both at year 1 and year 2 post-transplant and
a tacrolimus IPV < 1.5 was associated with the best
graft survival, while the combination of a tacrolimus
trough level <4 ng/ml and a tacrolimus IPV >1.5 was
associated with the worst graft survival (results not
shown). The corresponding multivariable Cox regres-
sion analysis showed that the risk of premature graft
loss associated with the combined exposure measures
low tacrolimus trough level <4.0 ng/ml both at years 1
and 2 post-transplant and an IPV >1.5 was 3.52-fold
higher compared to a trough level of >4.0 ng/ml and an
IPV <1.5 (Table 5).

This is the first study that reports an association
between tacrolimus exposure and graft survival in
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Figure 4 Association of intra-patient variability of tacrolimus trough levels with graft survival during post-transplant years 3-5 for the age
groups (a) 0-11, (b) 12-23, and (c) 24-34 years at the time of transplantation. Intra-patient variability of trough levels is calculated as the lar-
gest ratio of the values at post-transplant years 1 and 2. Log rank P values of Kaplan—Meier analysis are shown.

adolescents and young adults. In this observational reg-
istry study of a large cohort of 1419 pediatric or young
adult renal transplant recipients and a control group of
1466 24- to 34-year-old recipients from more than 100
different transplant centers, we investigated the age-de-
pendent influence of tacrolimus exposure on graft sur-
vival. In 12- to 23-year-old adolescents and young
adults, a tacrolimus trough level below 4.0 ng/ml at year
1 was associated with an extremely poor 5-year graft
survival of 66% and an approximately 2.4-fold increased
risk of graft loss during the post-transplant years 2-5 as
compared to patients with a trough level of 4.0-

(a) TL4.0-10.9
100 ¢
95 4

<1.5
90 1

85 1

>1.5

Graft survival (%)

80 |

Patients  Year 5
75 1 N %
91.8

<1. 412
2 81.5

1.5
>1.5 94 P=10.003

0 1 2 3 4 5
Post-transplant time (years)

10.9 ng/ml. Such a strong influence of a low tacrolimus
trough level was missing in younger children aged 0-
11 years. Importantly, if the trough level was in the
range of 4.0-10.9 ng/ml, also the group of 12- to 23-
year-old recipients had a good 5-year graft survival of
85%, which was not very much different than the 88%
survival rate observed in 24- to 34-year-old adult
patients (Fig. 3). Hence, it appears that optimal tacroli-
mus exposure can at least partially counteract the
enhanced immunoreactivity in this high-risk age group.

Numerous previous studies have shown that adoles-
cents and young adults have the highest risk of graft

(b) No Rejections
100

95
<1.5
90

85 4

80 1

Patients  Year 5

75 1 N %
367
136

92.8

<1.
> 82.3

1.5
>1.5 P <0.001

0 1 2 3 4 5
Post-transplant time (years)

Figure 5 Association of intra-patient variability of tacrolimus trough levels with graft survival during post-transplant years 3-5 for 12- to 23-
year-old patients (a) with trough levels (TL) 4.0-10.9 ng/ml at post-transplant years 1 and 2 and (b) with no rejection treatments during post-
transplant years 1 and 2. Intra-patient variability of trough levels is calculated as the largest ratio of the values at post-transplant years 1 and

2. Log rank P values of Kaplan-Meier analysis are shown.
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Table 5. Results of the multivariable Cox regression analysis in pediatric and young adult patients (0-23 years of age)
for the association of the combined exposure measures tacrolimus trough level >4 ng/ml both at year 1 and year 2
post-transplant and a tacrolimus IPV <1.5 with graft survival during the first five post-transplant years.

Tacrolimus trough level and IPV N HR 95% ClI P value
>4.0 ng/ml and <1.5 686 1 (ref) = -

>4.0 ng/ml and >1.5 210 2.36 1.43-3.87 <0.001
<4.0 ng/ml and <1.5 44 2.56 1.07-6.08 0.034
<4.0 ng/ml and >1.5 102 3.52 2.00-6.22 <0.001

IPV, intra-patient variability.

Hazard ratios (HR) with 95% confidence interval (Cl) are shown.

failure, irrespective of age at transplant [9-12]. As rea-
sons for this premature graft loss, late acute cellular
rejections and de novo development of donor-specific
HLA antibodies leading to acute and chronic antibody-
mediated rejection [6,19] have been described [19,26—
28]. In our study, a 1l-year tacrolimus trough level
<4.0 ng/ml was associated with a comparably increased
incidence of treated rejection episodes during the sec-
ond post-transplant year in all investigated age groups,
while 5-year graft survival was not significantly worse in
0- to 1l-year-old children. A possible explanation for
this discrepancy is a worse rejection reversal outcome in
adolescents and young adults despite adequate rejection
treatment, leading to a disproportionately higher rate of
premature kidney graft failure, as has been demon-
strated by several observational long-term
[28,29].

While this enhanced immunoreactivity during adoles-
cence and young adulthood is usually ascribed to socio-
behavioral mechanisms and poor adherence to the
immunosuppressive drug regimen [14,15], biologic dif-
ferences related to a maturing immune system may also
contribute to the increased rejection risk in this age
group [16,17]. During the last years, the hypothesis of a
more vigorous immune system during adolescent and
young adult years has emerged, as the innate and adap-
tive immune system undergoes profound maturation
during this phase [30]. Concerning the adaptive
immune system, late childhood and adolescence comes
with significant changes in the composition of periph-
eral blood mononuclear cell subsets [31,32]. More
recently, it has also been claimed that immune activa-
tion triggered by sex hormones during puberty could
increase the risk of premature graft loss [33]. Irrespec-
tive of the specific reasons for the enhanced immunore-
activity, an obvious therapeutic strategy could be a
more effective immunosuppressive therapy to improve

studies

Transplant International 2020; 33: 1681-1692

outcome in these patients, beside a thorough patient
education to prevent or improve nonadherence to
immunosuppressive medication. Our observation of an
association of a 1-year tacrolimus trough level of 4.0—
10.9 ng/ml with better 5-year graft survival is a first step
toward new age-specific immunosuppressive strategies
to improve graft outcome in adolescents and young
adults.

An indirect assessment of adherence is the measure-
ment of tacrolimus IPV [6,20]. A high IPV has been
linked to late graft rejection and premature graft loss in
kidney transplant recipients [20]. The negative associa-
tion of high IPV with graft survival appears to be espe-
cially strong in adolescents and young adults (Fig. 4),
which is in line with previous reports [13,19-21]. Our
results on graft survival in relation to IPV support these
findings, as adolescents and young adults displayed the
worst graft survival if they had an IPV >1.5, even in the
absence of a 1-year tacrolimus trough level below 4 ng/
ml or rejection treatments during post-transplant years
1 and 2. Importantly, patients with high IPV made up
as many as 30% of adolescent and young adult kidney
graft recipients. It is noteworthy, however, that the per-
centage of patients with a high IPV of >1.5 was compa-
rable in all 3 age groups. These findings are in line with
the results of other studies [18,27]. Besides nonadher-
ence, factors such as time of tacrolimus administration,
interference of food and other drugs, and genetic poly-
morphisms of drug-metabolizing enzyme and trans-
porters may also contribute to variable tacrolimus
exposure.

The strengths of our study are the multicenter study
design, the large sample size which allowed a statistically
validated analysis, and the use of the robust end-point
“graft survival.” However, there are also several limita-
tions of our study. First, as this study is a retrospective
registry analysis, we cannot state causalities but only
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associations. Our results are based on one or two con-
secutive measurements of tacrolimus trough levels in a
two-year period; thus, below-critical trough levels of
tacrolimus at some time between these measurements
would not be taken into account, although being poten-
tially clinically meaningful. A high tacrolimus IPV could
also be due to iatrogenic changes in target trough levels,
for example as a result of impaired graft function. How-
ever, our finding that a high IPV was associated with
poorer graft survival even in the absence of a low tacro-
limus trough level or a previously treated rejection epi-
sode is a strong indicator that IPV itself is
independently associated with for poor graft survival.
Also, high IPV could be associated with increased cal-
cineurin inhibitor nephrotoxicity even in low tacrolimus
trough level regimens [34,35]. Transplant-associated
infections like CMV or BKV infection could also have
an association with high IPV (several intervals of over-
immunosuppression) and poor graft survival [36,37].
Another point is that patients included in this study
underwent kidney transplantation between 2001 and
2017. In this period, the tacrolimus assays have likely
changed in some centers. A problem with immunoas-
says such as the enzyme-linked immunosorbent assay
and microparticle enzyme immunoassay is the cross-re-
activity of the antibody with tacrolimus metabolites.
Nowadays, the liquid chromatography—tandem mass
spectrometry technique is being increasingly applied,
yielding 15-25% lower tacrolimus concentrations in
comparison with immunoassays as the cross-reactivity
with tacrolimus metabolites is eliminated [38—40]. This
might have been a potential factor contributing to a
higher intra-patient tacrolimus level variability in some
patients. Furthermore, the galenics of tacrolimus (im-
mediate release vs. prolonged release) could have an
impact on IPV, but the number of pediatric patients on
prolonged release formulations of tacrolimus is too low
to be influential in our analyses. Finally, this study
included deceased donor kidney recipients only. We
cannot exclude that the advantages of a live donor
transplantation might have possibly counterbalanced the
association between tacrolimus trough levels or intra-
patient variability in tacrolimus trough levels and allo-
graft outcomes.

In conclusion, our data indicate that a more consis-
tent and less variable exposure to the main immuno-
suppressant tacrolimus later than 1 year post-transplant
is associated with a better 5-year graft survival especially
in adolescents and young adults, presumably by coun-
teracting the enhanced alloreactivity in this high-risk
age group.
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Figure S1. Graft survival during post-transplant years
2-5 of patients with different inclusion criteria indicat-
ing that the analyzed patient cohort with known 1-year
tacrolimus trough level (TL) is representative for this
patient population in general.
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Figure S2. Association of recipient age with graft sur-
vival during post-transplant years 2—5.

Figure S3. Association of 1-year tacrolimus trough
level (ng/ml) with the incidence of treated rejection
during the second post-transplant year for the age
groups (a) 0-11, (b) 12-23, and (c) 24-34 years of
patients with a functioning graft at year 2.

Figure S4. Association of intra-patient variability of
tacrolimus trough levels with graft survival during post-
transplant years 3-5 for 0-23-year-old patients. Intra-
patient variability of trough levels is calculated as the
largest ratio of the values at post-transplant years 1 and

Graft survival and tacrolimus exposure

2. Global log rank P value of Kaplan-Meier analysis is
shown.

Figure S5. Association of intra-patient variability of
tacrolimus trough levels with graft survival during post-
transplant years 3—5 for 0—23-year-old patients. Intra-pa-
tient variability of trough levels is calculated as the largest
ratio of the values at post-transplant years 1 and 2.
Patients with an intra-patient variability >1.5 are divided
into two subgroups with increasing (incr) and decreasing
(decr) trough levels (P = 0.11). Both pairwise log rank P
values in comparison to the group with <1.5 variability
are significant (P<0.001 and P=0.007, respectively).
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