
Pharmacotherapy. 2021;41:649–657.	 wileyonlinelibrary.com/journal/phar�  | 649© 2021 Pharmacotherapy Publications, Inc.

1  |  INTRODUC TION

Tacrolimus is the primary immunosuppressant used following pe-
diatric solid organ transplantation.1,2 Tacrolimus has a narrow ther-
apeutic index; low exposure, defined by trough concentrations, 
contributes to therapeutic failure (e.g., acute rejection, de novo 
donor-specific antibody (dnDSA), and graft loss) and high exposure 
increases the rate of adverse events. Moving beyond the assessment 

of single trough concentrations, tacrolimus time in therapeutic range 
(TTR) has emerged as an additional risk factor for poor long-term 
transplant outcomes, including acute rejection, dnDSA formation, 
and graft loss in adult transplant recipients. TTR calculates the pro-
portion of time a patient is within the target range for tacrolimus 
trough concentration. This method is the standard of care for the 
classic narrow therapeutic index drug, warfarin, and is predictive 
of warfarin effectiveness and adverse events.3–5 The hypothesized 
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Abstract
Study Objective: This study investigated the effect of CYP3A5 phenotype on time in 
therapeutic range (TTR) of tacrolimus post-transplant in pediatric patients.
Design and Data Source: This retrospective study assessed medical records of pediat-
ric kidney and heart recipients with available CYP3A5 genotype for tacrolimus dosing, 
troughs, and the clinical events (biopsy-proven acute rejection [BPAR] and de novo 
donor-specific antibodies [dnDSA]).
Measurements and Main Results: The primary outcome, mean TTR in the first 
90 days post-transplant, was 9.0% (95% CI: −16.1, −1.9) lower in CYP3A5 express-
ers (p = 0.014) when adjusting for time to therapeutic concentration and organ type. 
There was no difference between CYP3A5 phenotypes in time to the first clinical 
event using TTR during the first 90 days. When applying TTR over the first year, there 
was a significant difference in event-free survival (EFS) which was 50.0% for CYP3A5 
expressers/TTR < 35%, 45.5% for expressers/TTR ≥ 35%, 38.1% for nonexpressers/
TTR < 35%, and 72.9% for nonexpressers/TTR ≥ 35% (log-rank p = 0.03). A post hoc 
analysis of EFS identified CYP3A5 expressers had lower EFS compared to nonex-
pressers in patients with TTR ≥ 35% (p = 0.04) but no difference among patients with 
TTR < 35% (p = 0.6).
Conclusions: The relationship between TTR and CYP3A5 phenotype suggests that 
achieving a TTR ≥ 35% during the first year may be a modifiable factor to attenuate 
the risk of BPAR and dnDSA.
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benefit of TTR is that it provides information about tacrolimus stabil-
ity within the target concentration over time and may better explain 
the risk of poor outcomes.

Understanding the causes of low TTR is vital to address the as-
sociated risk through effective interventions. Drug–drug interac-
tions, food intake, gastrointestinal disorders, medication adherence, 
chronobiology, and pharmacogenetics, among others, are hypothe-
sized to contribute to TTR but have not been thoroughly evaluated. 
Pharmacogenetics has been reported to be one of the least well-
understood potential causes.6 Tacrolimus is extensively metabolized 
by cytochrome P450 enzymes (CYP) 3A4 and 3A5, regulating the 
bioavailability and hepatic clearance. A theorized mechanism for 
effect on TTR is that CYP3A5 nonexpressers rely on CYP3A4 for 
tacrolimus metabolism, which is more sensitive to induction and in-
hibition.7,8 The corresponding changes in tacrolimus trough concen-
trations would then increase the time spent outside the therapeutic 
range. As CYP3A5 phenotype may be expected to have a more 
significant impact in the early post-transplant period given its rela-
tionship to initial trough concentrations, the primary purpose of this 
study was to investigate the effect of CYP3A5 phenotype on tacro-
limus TTR early post-transplant in pediatric transplant recipients.9–12

2  |  PATIENTS AND METHODS

2.1  |  Patient population

This single-center retrospective analysis included all pediatric pa-
tients who underwent renal or heart transplant from 6/1/14 to 
12/31/18 and were initiated on tacrolimus with whole blood or buffy 
coat samples available for genotyping.13 Clinical patient data were 
collected from the medical record or linked data collection systems 
from the date of transplant through the first year after transplant.14 
The study was approved by the local institutional review board.

Most patients received tacrolimus orally twice daily except for 
kidney recipients <40  kg, who could be initiated on dosing every 
8  h at the discretion of the provider. The protocolized tacrolimus 
starting dose was 0.1 mg/kg/dose in kidney recipients and 0.05 mg/
kg/dose in heart recipients. Target tacrolimus trough concentrations 
(C0) were 10–12 ng/ml for months 1–2, 8–10 ng/ml for months 3–6, 
6–8 ng/ml for months 7–9 and 4–6 ng/ml for months 10–12 in kidney 
recipients, and 10–15 ng/ml for the 1st year in heart recipients. The 
medical record was also reviewed for individualized target ranges. 
Outpatient tacrolimus trough concentrations were obtained per 
protocol and at clinician discretion. In kidney recipients, per proto-
col, troughs were obtained weekly for the first three months, every 
two weeks for the next three months, then monthly. The protocol 
in heart recipients dictated tacrolimus concentrations at 7–10 days, 
one month, two months, then every six weeks until month 9, then 
again at one year.

A triple immunosuppression regimen with mycophenolate 
mofetil (kidney: 300  mg/m2 every 12  h; heart: 600  mg/m2 every 
12  h) and prednisone was used in most patients. Details of the 

steroid protocols are provided in the supplemental materials. For 
kidney recipients receiving a steroid avoidance protocol, myco-
phenolate mofetil was dosed at 450  mg/m2 every twelve hours. 
Induction therapy with basiliximab or rabbit antithymocyte globulin 
was at the provider's discretion based on immunologic risk. Biopsy 
in kidney recipients was based on the selected immunosuppression 
protocol. For patients receiving steroid-avoidant maintenance im-
munosuppression, protocol biopsy was performed at 6 weeks and 
between 8 to 12 months post-transplant. The remaining kidney re-
cipients only underwent biopsy for clinical indications. The standard 
of care protocol for DSA testing in kidney recipients was based on 
rejection risk or need for indication biopsy. Kidney recipients at high 
risk for antibody-mediated rejection (positive crossmatch, history of 
DSA, desensitization, or peak PRA  >  50%) had DSA drawn at ap-
proximately 7 days, monthly until 6 months, then at 1 year. Kidney 
recipients considered to be at a high of T–cell-mediated rejection 
(peak PRA 21%–50%, re-transplant, African American, or history of 
Banff 2A or greater rejection) had DSA drawn at 3, 6, and 12 months. 
In the remaining kidney recipients, DSA was obtained at one year. 
Heart recipients underwent protocol biopsy at approximately day 7, 
30, 60, 90, 180, 270, and 365. DSA was obtained at the time of all 
biopsies in all heart recipients.

2.2  |  Study outcomes

The primary outcome was tacrolimus TTR within the first 90 days 
after transplantation. All trough levels available for the patient were 
included in the estimation of TTR. The Rosendaal linear interpola-
tion method was used to calculate time in the therapeutic range.15 
Assuming a linear relationship, a daily concentration is assigned for 
each day between two measured concentrations. The daily concen-
tration is estimated to increment equally up or down, as appropriate, 
from the previous level until reaching the value of the next level. 
The TTR is the sum of days during which the tacrolimus trough con-
centration was assumed to be within the defined target range. To 
account for intentional deviations from the protocolized therapeutic 
range due to circumstances such as adverse effects, infection, or re-
jection, TTR was calculated for each patient using the individualized 
therapeutic range documented by the treating provider in the medi-
cal record.

Secondary outcomes included the time to first therapeutic 
trough and time to stable therapeutic trough defined as two consec-
utive C0 values within ±1 ng/ml of the target range, TTR during the 
1st year post-transplant, and coefficient of variation (CV) of tacroli-
mus trough concentrations.16

Exploratory outcomes included event-free survival (EFS), de-
fined as no biopsy-proven acute rejection (BPAR), and dnDSA for-
mation during the 1st year post-transplant. BPAR was diagnosed by 
allograft biopsy according to the most updated consensus criteria at 
the time of biopsy (Banff classification or ISHLT grading system).17,18 
Detection of dnDSA was performed using a solid-phase assay and 
considered positive if DSA was newly detected post-transplant.
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2.3  |  Genotyping

DNA was extracted from the buffy coat or whole blood sample via 
the Qiamp DNA Blood and Tissue Kit. Commercial Taqman assays 
were used as described previously.13 Genotypes were dichotomized 
into phenotype based on diplotype for analysis as CYP3A5 express-
ers (CYP3A5 *1/*1, *1/*3, *1/*6, *1/*7) or CYP3A5 nonexpressers 
(CYP3A5 *3/*3, *6/*6, *7/*7, *3/*6, *3/*7,*6/*7).

2.4  |  Statistical analysis

Descriptive statistics were used to describe the baseline and clini-
cal characteristics of the cohort by CYP3A5 phenotype. Kidney 
and heart recipients were analyzed together for the primary analy-
sis unless otherwise noted. The primary endpoint compared 90-
day TTR between CYP3A5 expressers and CYP3A5 nonexpressers 
using simple and multivariable linear regression. A multivariable 
analysis was planned to follow the univariate screening of the fol-
lowing variables: organ type, time to therapeutic concentrations, 
and age greater than 8  years based on previous literature.19–27 
Variables with p value <0.1 were included in the multivariable 
model. Starting dose was considered for inclusion but was closely 
related to organ type, which was determined to be more impor-
tant for inclusion to adjust for unspecified differences in manage-
ment between organ groups. For the secondary endpoint, time 
to stable therapeutic trough concentration was described using 
Kaplan–Meier survival analysis with the log-rank test to evaluate 
stratum differences. The exploratory time-to-event analysis was 
conducted for immune-mediated clinical events defined as the 
composite of first BPAR episode or development of dnDSA using 
Kaplan–Meier and log-rank methods. Data were right-censored 
for death or graft loss unrelated to rejection. For this analysis, TTR 
was dichotomized at the mean value of this study cohort (35%) to 
form four groups based on the CYP3A5 phenotype. For consist-
ency, the TTR value included in the EFS analysis was the same 
used for the primary (all levels in the first 90 days) and secondary 
(all levels in the first 365 days) analyses. Post hoc sensitivity analy-
ses were undertaken, (1) dividing the groups using the TTR thresh-
old of 30% presented in the adult literature and (2) censoring the 
tacrolimus concentrations included in the TTR calculation at the 
time of event.28 Cox proportional hazards analysis was also per-
formed adjusting for organ type and induction therapy (selected 
based on the established impact on the outcome). Statistical 
tests were two-tailed with an alpha of 0.05 and completed using 
RStudio version 3.6.1.

3  |  RESULTS

A total of 85 pediatric transplant patients were analyzed: 37 heart 
recipients and 48 kidney recipients. Nineteen patients (22.4%) were 
CYP3A5 expressers, and 66 (77.6%) were CYP3A5 nonexpressers. 

There were no significant differences between CYP3A5 phenotypes 
in age, gender, or organ type. As expected, there was a significant 
difference between groups in the self-reported race with CYP3A5 
expression more common among patients reporting Black or Asian 
race. Expressers were also more likely to receive azole antifungal 
therapy though the indication was generally to leverage the inter-
action to boost tacrolimus exposure. The characteristics of partici-
pants by the CYP3A5 phenotype are described in Table 1.

The primary outcome, mean TTR in the first 90  days post-
transplant, was 10.2% (95% CI: −17.6, −2.8) lower in CYP3A5 ex-
pressers (p  =  0.003). A similar difference was noted for the first 
60  days post-transplant (mean difference: −10.5%; 95% CI: −19.0, 
−1.9). However, in the first 30 days and after 90 days, there was no 
difference in TTR by CYP3A5 phenotype. The CV was not different 

TA B L E  1  Demographic and clinical characteristics stratified by 
CYP3A5 phenotype

Nonexpresserc  
(n = 66)

Expresserb  
(n = 19)

p 
Value

Age in years, median 
(range)

11.5 
(0.13–17.9)

8.7 
(0.27–17.4)

0.457

Male, n (%) 41 (62.1) 11 (57.9) 0.947

Organ Type, n (%)

Heart 31 (47.0) 6 (31.6) 0.352

Kidney 35 (53.0) 13 (68.4)

Deceased donor 
kidney, n (%)

16 (45.7) 10 (76.9) 0.109

Race, n (%)

White 56 (84.8) 9 (47.4) <0.001

Black 1 (1.5) 9 (47.4)

Asian 0 (0) 1 (5.3)

Other/Unknown 9 (13.6) 0 (0)

Induction, n (%)

Rabbit 
antithymocyte 
globulin

34 (51.5) 9 (47.4) 0.519

Basiliximab 13 (19.7) 6 (31.6)

None 19 (28.8) 4 (21.0)

Antiproliferative, n (%)

Mycophenolate 65 17 0.124

mTOR inhibitor 1 1

Azathioprine 0 1

Steroid avoidant 
protocol, n (%)a 

19 (28.8) 7 (36.8) 0.999

Azole antifungal use, 
n (%)

9 (13.6) 7 (36.8) 0.041

Other CYP3A 
interactions, n (%)

11 (16.7) 3 (15.8) 0.999

Abbreviation: mTOR, mammalian target of rapamycin.
aKidney recipients only (all heart recipients remained on steroid 
therapy).
b*1/*1, *1/*3, *1/*6, or *1/*7 diplotype.
c*3/*3, *6/*6, *7/*7, *3/*6, *3/*7, or *6/*7 diplotype.
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between CYP3A5 groups at any time point. Figure 1 presents box-
plots of TTR and CV at various times post-transplant by CYP3A5 
status. In the multivariable model controlling for organ type and time 
to stable therapeutic concentration, TTR in the first 90  days was 
9.0% (95% CI: −16.1, −1.9) lower in CYP3A5 expressers compared to 
nonexpressers (p = 0.014).

The CYP3A5 expresser phenotype resulted in a higher dose to 
achieve similar trough concentrations at all evaluated time points 
(Table 2). However, there was no difference in the time to first ther-
apeutic concentration or stable therapeutic concentrations. The 
median time to the first therapeutic concentration was 6 days (IQR 
4–9 days) for CYP3A5 nonexpressers and 7 days (IQR 69 days) for 
CYP3A5 expressers (p  =  0.3). The median time to achieve stable 
therapeutic concentrations was 11 days (IQR 7–20 days) for CYP3A5 
nonexpressers compared to 12  days (IQR 7–31  days) for CYP3A5 
expressers (Figure 2; p = 0.5). Table 2 also contains details on the 
frequency of dose changes and the number of levels included in the 
TTR calculation over the first year.

In the first year, 24 patients (28.2% overall, 10 kidney and 14 
heart recipients) experienced at least one BPAR event and 19 patients 
(22.4% overall, 4 kidney and 15 heart recipients) developed dnDSA 
with nine subjects experiencing only dnDSA. One patient expired 
prior to any events and was right-censored on day 204. The mean 
TTR over the first 90 days for the entire cohort was 35%, and the 
results of the immune-mediated clinical events analysis are shown in 
Figure 3. EFS for each organ group is presented in the supplemental 

materials (Figure  S1). There was no difference among the CYP3A5 
phenotype/TTR groups in the time to first clinical event for the 90-
day TTR, although there was a significant difference for TTR over the 
first year (log-rank p = 0.03). One year EFS was 50.0% (95% CI: 25.0%–
100%) for patients with CYP3A5 expression and TTR < 35%, 45.5% 
(95% CI: 23.8%–86.8%) for patients with CYP3A5 expression and 
TTR ≥ 35%, 38.1% (95% CI: 20.9%–69.3%) for CYP3A5 nonexpressers 
with TTR < 35%, and 72.9% (95% CI: 61.4 –86.6%) for CYP3A5 nonex-
pressers with TTR ≥ 35%. Pairwise comparison using the log-rank test 
identified the only significant difference was between CYP3A5 non-
expressers with TTR < 35% and ≥35% (p = 0.027). A post hoc analysis 
of EFS identified CYP3A5 expressers had lower EFS than nonexpress-
ers over the first year in patients with TTR ≥ 35% (Figure S2; p = 0.04).

The sensitivity analysis using a 30% threshold for TTR over the 
first year resulted in better visual separation of the curves with 
1 year event-free survival of 25% (95% CI: 4.6%–100%) for CYP3A5 
expressers with TTR  <  30%, 53.3% (95% CI: 33.2%–85.6%) for 
CYP3A5 expressers with TTR ≥ 30%, 33.3% (95% CI: 15%–74.2%) 
for CYP3A5 nonexpressers with TTR  <  30%, and 70.4% (95% 
CI 59.2%–83.7%) for CYP3A5 nonexpressers with TTR  ≥  30% 
(Figure S3). The results using TTR censored at the time of the event 
were similar to those obtained using TTR from all tacrolimus levels 
(Figure S4). The exploratory multivariable Cox proportional hazard 
model controlling for organ type and induction therapy further 
supports these findings; CYP3A5 phenotype was associated with 
an increased hazard of the composite outcome. The hazard ratio 

F I G U R E  1  Association of tacrolimus time in therapeutic range (A–D) and coefficient of variation (E–H) with CYP3A5 phenotype by time 
post-transplant. Abbreviations: CV, coefficient of variation; TTR, time in therapeutic range
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(HR) was similar regardless of TTR over the first year in CYP3A5 
expressers compared to nonexpresser with TTR > 35% (Expresser/
TTR ≥ 35%: HR 3.69 (95% CI 1.33–10.19) vs. Expresser/TTR < 35%: 
HR 3.62 (95% CI 1.08–12.13)). The full results of the Cox regression 
models are in Table 3.

4  |  DISCUSSION

In this study, pediatric transplant recipients who are CYP3A5 express-
ers displayed lower tacrolimus TTR than CYP3A5 nonexpressers in 

the early post-transplant period. This is a novel finding as existing 
literature has been limited to adults. An abstract by Salah et al. found 
similar results in adult heart recipients with a mean TTR of 30.5% 
in CYP3A5 expressers and 39.9% in CYP3A5 nonexpressers during 
the first year post-transplant when adjusting for serum creatinine 
(p = 0.09).29 Interestingly, these results contradict the original hy-
pothesis that CYP3A5 nonexpressers would be expected to have 
greater variability in trough concentrations and correspondingly 
a lower TTR.30,31 An alternative explanation may be that CYP3A5 
expressers have a lower TTR in the early period after transplanta-
tion because of a longer time to achieve therapeutic concentrations. 
However, our study did not identify a difference in time to the first 
therapeutic trough blood concentrations by CYP3A5 phenotype.

Min et al. investigated the frequency of out-of-range concentra-
tions among pediatric patients with renal, heart, or liver transplant 
randomized to CYP3A5 genotype-based versus standard dosing in 
the first 30  days post-transplant.16 The odds of at least 1 out-of-
range concentration were significantly lower in the genotype-based 
dosing arm (OR  =  0.6, 95% CI  =  0.44, 0.83, p  =  0.002). However, 
60% of patients in the genotype-dosing arm still had an out-of-range 
concentration. The time to stable therapeutic concentration in the 
genotype-based dosing arm was 18 days (IQR 14–27 days), with 69% 
achieving therapeutic concentrations by 30 days. Median could not 
be calculated in the standard dosing arm, as only 44% had achieved 
stable therapeutic concentrations. In our study, both groups reached 
stable therapeutic levels in a similar timeframe without genotype-
based dosing. While studies have found mixed results regarding the 
impact of CYP3A5 on time to therapeutic concentrations, these data 

TA B L E  2  Tacrolimus dosing, concentration data, and TTRby 
CYP3A5 phenotype

Nonexpresser 
(n = 66)

Expresser 
(n = 19)

p 
Value

Tacrolimus dose, mg/kg

Initial 0.072 (0.03) 0.077 (0.03) 0.490

At stable, 
therapeutic 
trough

0.10 (0.06) 0.18 (0.09) <0.001

At 30 days 0.11 (0.07) 0.19 (0.11) <0.001

At 90 days 0.11 (0.09) 0.19 (0.13) 0.003

At 180 days 0.11 (0.11) 0.18 (0.11) 0.034

At 365 days 0.10 (0.15) 0.19 (0.21) 0.192

Dose changes, median (IQR)

0–30 days 6 (4–8) 7 (5–9) 0.123

31–90 days 4 (2–6) 5 (4–7) 0.005

91–180 days 4 (2–5) 4 (2–5) 0.913

181–365 days 3 (2–6) 4 (3–7) 0.383

Tacrolimus concentration, ng/ml

Initial 6.5 (5.4) 4.1 (2.7) 0.0719

At stable, 
therapeutic 
trough

10.8 (1.98) 10.2(1.4) 0.194

At 30 days 11.4 (4.4) 9.8 (3.8) 0.178

At 90 days 9.7 (2.9) 9.5 (2.8) 0.767

At 180 days 9.5 (3.9) 9.4 (2.7) 0.878

At 365 days 7.1 (3.5) 7.7 (4.1) 0.583

Number of levels, median (IQR)

0–30 days 11 (8–13) 11 (10–15) 0.106

31–90 days 9 (4–10) 10 (9–12) 0.004

91–180 days 7 (5–10) 10 (8–12) 0.026

181–365 days 9 (6–12) 10 (8–15) 0.412

Time in therapeutic range, %

0–90 days 38.0 (14.9) 27.8 (11.6) 0.003

91–180 days 39.2 (23.9) 39.5 (21.1) 0.959

181–365 days 45.7 (20.8) 39.1 (16.8) 0.173

0–365 days 42.5 (14.3) 36.5 (11.4) 0.082

Note: Results reported as mean (SD) unless noted.
Abbreviations: TTR, time in therapeutic range.

F I G U R E  2  Time to achieve stable therapeutic trough blood 
concentrations by CYP3A5 phenotype. The median time to achieve 
stable therapeutic concentrations was 11 days (IQR 7–20 days) for 
CYP3A5 nonexpressers (solid line) compared to 12 days (IQR 7–
31 days) for CYP3A5 expressers (dashed line)
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suggest CYP3A5 phenotype may still play a role in the time spent in 
the therapeutic range during this early period.10,32

Other studies focusing on CYP3A5 and intrapatient variability 
(IPV) of tacrolimus concentration in adults have found conflicting 
results.30–36 The largest evaluation of IPV and CYP3A5 genotype 
from the DeKAF Genomics cohort found a statistically significant 
decrease in CV among individuals of European descent with at 
least one CYP3A5 no function allele, but the effect size was small 
(1.82% for each no-function CYP3A5 allele).36 Again, these findings 
oppose the theory that CYP3A5 nonexpressers experience greater 
variability due to reliance on CYP3A4 for tacrolimus metabolism. 
The DeKAF investigators offer another hypothesis that may also 
explain our findings; providers are less familiar with dose–response 
patterns in CYP3A5 expressers due to the lower prevalence in 

their population and, therefore, may introduce iatrogenic variability 
through dose adjustments. Interestingly, CYP3A5 expressers in our 
study underwent significantly more dose adjustments than CYP3A5 
nonexpressers (13.7 vs. 9.9, p = 0.007), but the study design does not 
allow elucidation of the causal pathway.

We found that the influence of CYP3A5 phenotype on TTR was 
significant early. However, the difference by phenotype was no lon-
ger significant after 90  days post-transplantation, consistent with 
the existing literature evaluating the impact of CYP3A5 phenotype 
on tacrolimus dose and concentration, which suggests the effect 
wanes by 6 months.37,38 These findings reinforce the recommenda-
tion to incorporate pharmacogenetic information but also highlight 
a potential role for subsequent dose titrations. Each center or pro-
vider participating in the various studies cited here may have differ-
ent practices, possibly contributing to the conflicting results. There 
is a need to identify methods to enhance dosing and increase the 
stability of trough concentrations beyond selecting an initial dose. 
Our finding that CYP3A5 phenotype is associated with TTR, but not 
CV, is compelling, suggesting CYP3A5 is unlikely a major contrib-
utor to the general fluctuation in levels around the mean but may 
make it harder to maintain a level in the narrow therapeutic range. 
Differences in response to dose changes by CYP3A5 phenotype re-
main a logical hypothesis for this finding.

Including organ type and time to therapeutic trough in the re-
gression model predicting TTR increased the R2 from 0.08 to 0.17 
and the adjusted R2 from 0.07 to 0.14. The low R2 of the models 
provides evidence that only a small portion of TTR variability is 

F I G U R E  3  Time-to-event analysis for first rejection episode 
or dnDSA development by CYP3A5 phenotype and time in 
therapeutic range. Panel A shows the results for TTR calculated 
using trough concentrations in the first 90 days. Panel B depicts 
the results for TTR calculated during the first year. dnDSA, de novo 
donor-specific antibody; TTR, time in therapeutic range

TA B L E  3  Multivariable Cox regression models for the impact of 
CYP3A5 phenotype and time in therapeutic range in (1) the first 
90 days and (2) the 1st year on biopsy-proven acute rejection and 
de novo DSA development at 1 year

Hazard ratio (95% 
CI)

p 
Value

Model 1: CYP3A5 phenotype/TTR in the 1st 90 days

Nonexpresser/TTR ≥ 35% Reference

Nonexpresser/TTR < 35% 1.36 (0.59–3.12) 0.465

Expresser/TTR ≥ 35% 2.78 (0.55–14.1) 0.216

Expresser/TTR < 35% 2.84 (1.12–7.22) 0.028

Heart transplant 5.26 (2.24–12.35) <0.001

Rabbit antithymocyte globulin 
induction

1.94 (0.82–4.57) 0.130

Model 2: CYP3A5 phenotype/TTR in the 1st year

Nonexpresser/TTR ≥ 35% Reference

Nonexpresser/TTR < 35% 2.75 (1.20–6.29) 0.016

Expresser/TTR ≥ 35% 3.69 (1.33–10.19) 0.012

Expresser/TTR < 35% 3.62 (1.08–12.13) 0.037

Heart transplant 5.52 (2.22–13.7) <0.001

Rabbit antithymocyte globulin 
induction

2.45 (1.02–5.92) 0.047

Abbreviations: DSA, donor-specific antibody; TTR, time in therapeutic 
range.
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explained by the CYP3A5 phenotype, suggesting additional factors 
must also be considered. It also should be noted that the signifi-
cant difference in TTR is based on the mean, and patients of both 
CYP3A5 phenotypes experienced a wide range of TTR values during 
the first year following transplantation. Taken together, our results 
and the existing literature indicate that in clinical practice, factors 
such as frequent dose modification, nonadherence, changes in GI 
function, and miss-timed levels may have stronger direct influences 
on TTR when compared to CYP3A5 phenotype. This theory is con-
sistent with evidence that models that include clinical variables in 
addition to pharmacogenetics better predict outcomes.39

The 9%–10% difference in TTR between CYP3A5 phenotypes 
identified in the linear regression models has been associated with 
clinically meaningful outcomes. In adult lung recipients, each 10% 
increase in TTR was associated with a lower likelihood of acute re-
jection, chronic lung allograft dysfunction (CLAD), and mortality at 
1 year with HRs of 0.67, 0.31, and 0.44, respectively.28 The impact 
of CYP3A5 phenotype on clinical outcomes has been more widely 
studied but is less clear. A recent meta-analysis of kidney trans-
plant recipients found no association of CYP3A5 phenotype with 
rejection at various time points within the first year, but between 
3 to 5 years post-transplant, CYP3A5 expressers were more likely 
to experience rejection.40 Consistent with existing literature, in our 
study, early TTR was not associated with clinical outcomes during 
the first year providing further support that not all causes of variable 
exposure early post-transplant are associated with long-term out-
comes.41,42 Interestingly, the survival curves separate within the first 
90 days when using TTR calculated over the first year. We hypothe-
size this suggests variability associated with negative outcomes can 
be present early, but the signal is weakened by an increased number 
of sources of variability, which may not be related to graft outcomes. 
As a result, the survival analysis further supports that maintaining 
an appropriate TTR may attenuate poor long-term outcomes, par-
ticularly among CYP3A5 nonexpressers, and may contribute to the 
discrepancies found in previous studies.

The main limitations of this study are its single-center nature 
and limited sample size. The sample size prevented the exploration 
of additional clinical variables, which may substantially contribute 
to TTR, such as modifying interacting medications. In particular, 
we were unable to analyze kidney and heart recipients separately. 
Further, our analysis did not explore the relationship between 
CYP3A5 expression and adverse events to evaluate the impact on 
TTR. While the use of individualized tacrolimus goals included re-
ductions for adverse events, we could not capture reductions in 
TTR associated with nonadherence resulting from experiences of 
toxicity. As this is the first study to explore the relationship be-
tween TTR and outcomes in pediatric transplant recipients, it pro-
vides data to improve the design of future studies, but the results 
of this work should be interpreted with caution, particularly given 
the small sample size.

The low mean TTR of 35% in pediatric kidney and heart recip-
ients is concerning, particularly given the association with BPAR 
and dnDSA. As a result, the ability to increase tacrolimus TTR 

through more precise individualized dosing has the potential to 
improve clinical outcomes. These results demonstrate CYP3A5 
phenotype is associated with TTR early post-transplant beyond 
the known increase in time to the therapeutic concentrations, but 
the relationship diminishes with time. CYP3A5 phenotype may 
offer an opportunity to further risk stratify or target interventions 
for patients with low TTR. Future work should continue to exam-
ine the optimal TTR threshold and explore the benefit of ongoing 
genotype-directed dosing to reduce tacrolimus trough variability.
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