




Table 1
Patient Characteristics (N = 123)

Characteristic Value

Age at allo-HSCT, yr, median (range) 9.2 (0-24)

Age group, n (%)

0-5 yr 40 (32.5)

6-10 yr 30 (24.4)

11-15 yr 28 (22.8)

>15 yr 25 (20.3)

Sex, n (%)

Male 69 (56.1)

Female 54 (43.9)

Diagnosis, n (%)

Acute leukemia 66 (53.7)

Lymphoma 9 (7.3)

Myelodysplastic syndrome 9 (7.3)

Solid tumor 5 (4.1)

Chronic active Epstein-Barr virus infection
and related disease

2 (1.6)

Primary immune deficiency syndrome 11 (8.9)

Hemophagocytic lymphohistiocytosis 3 (2.4)

Aplastic anemia/bone marrow failure 14 (11.4)

Metabolic disease 4 (3.3)

Stem cell source, n (%)

Bone marrow 35 (28.5)

Cord blood 78 (63.4)

Peripheral blood 10 (8.1)

Related donor, n (%)

Yes 29 (23.6)

No 94 (76.4)

Conditioning regimen, n (%)

Myeloablative 81 (65.9)

Nonmyeloablative 42 (34.1)
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catheter infection, we changed the tacrolimus administration
route set every 1 to 2 weeks.

This study was approved by the Research Ethics Committee
of Shinshu University School of Medicine (approval 5144). The
requirement for informed consent was waived because of the
study’s retrospective nature, in which we analyzed existing
data with no identifiable private information.

Tacrolimus Dose and Monitoring
Tacrolimus was administered as a continuous i.v. infusion

at .03 mg/kg/day over a 24 hour period starting 1 day before
allo HSCT. The target blood concentration of tacrolimus was 7
to 15 ng/mL and, to the greatest possible extent, the concen
tration was controlled in the range of 10 to 12 ng/mL. Because
all patients received tacrolimus by continuous i.v. infusion
until at least day 28 post allo HSCT, all data were collected at
the time of continuous i.v. infusion. Whole blood concentra
tions of tacrolimus were analyzed using the Elecsys tacrolimus
assay kit on a Cobas e411 analyzer (Roche Diagnostics, Indian
apolis, IN), which is based on an electrochemiluminescence
immunoassay, between October 2020 and December 2021
[24]. The ARCHITECT tacrolimus immunoassay (Abbott, Abbott
Park, IL), which is based on a chemiluminescent microparticle
immunoassay, was used from January 2009 to September
2020 [25].

Study Objective
The primary objective of this study was to investigate the

factors affecting day to day variations in tacrolimus concen
trations among children and young adults who received a con
tinuous i.v. infusion of tacrolimus after allo HSCT. The
secondary objectives were to identify the factors that led to
sharp variations (�20%) in tacrolimus concentration and to
assess the effects of transfusions on variations in tacrolimus
concentration.

Statistical Analysis
Patient and disease characteristics in all cohorts were sum

marized using descriptive statistics. Univariate analyses were
conducted using an unpaired t test to analyze the factors influ
encing tacrolimus concentration. Next, multivariate analyses
were conducted using multiple linear regression to identify
the independent factors affecting tacrolimus concentration.
The following variables were considered in these analyses:
body weight, sex, administration of RCC, administration of PC,
the start of steroid therapy, administration of methotrexate,
initiation of CYP3A4 related drug treatment, development of
fever, decline of fever, persistence of fever, and replacement of
the tacrolimus administration route set. Multivariate analyses
were conducted using logistic regression to identify indepen
dent risk factors that led to sharp variations in tacrolimus con
centration. The following variables were considered in the
multivariate analysis of factors influencing a sharp increase in
tacrolimus concentration: body weight, sex, administration of
RCC, initiation of steroid therapy, administration of methotrex
ate, initiation of CYP3A4 related drug treatment, persistence of
fever, and decline of fever. The following variables were con
sidered in the multivariate analysis of factors influencing sharp
decreases in tacrolimus concentration: body weight, sex,
administration of PC, development of fever, and replacement
of the tacrolimus administration route set. Simple linear
regression was used to assess the correlation between the 2
continuous variables (variations in tacrolimus concentration
versus variations in hematocrit, variations in hematocrit ver
sus body weight, and variations in tacrolimus concentration
versus body weight). All statistical analyses were performed
using EZR [26] and Prism version 9.4.1 (GraphPad Software,
San Diego, CA). All reported P values were 2 sided, and statisti
cal significance was set at P < .05.

RESULTS
Patient Characteristics

Patient demographic and clinical characteristics are pre
sented in Table 1. One hundred twenty three patients who
underwent allo HSCT were included in this study. Twenty five
(20.3%) allo HSCT cases were second or subsequent allo HSCT.
The median patient age at the time of transplantation was
9.2 years (range, 1.7 months to 24 years). Our cohort included
69 male patients (56.1%) and 89 patients with a malignant dis
ease (72.4%). Cord blood was the most common source of stem
cells (n = 78; 63.4%). Eighty one allo HSCTs (65.9%) were per
formed after a myeloablative conditioning regimen.

Factors Influencing Tacrolimus Concentration
A total of 1315 points for 2 consecutive days when the

tacrolimus dose was not changed were extracted from the
cohort for analysis. Univariate analysis using an unpaired t test
showed significantly higher tacrolimus concentrations in
patients who received RCC transfusion (percent variation:
24.90 versus .73; P < .0001) and steroid initiated patients
(percent variation: 9.45 versus 1.36; P = .0401) than in those
who did not receive these interventions. Tacrolimus concen
trations also were significantly higher in patients with







Figure 5. Effect of body weight on variations in hematocrit and tacrolimus concentration after RCC transfusion. (A) Correlation between percent variation in hemato-
crit and body weight. (B) Correlation between percent variation in hematocrit and body weight in patients weighing <20 kg. (C) Correlation between percent varia-
tion in hematocrit and body weight in patients weighing �20 kg. (D) Correlation between percent variation in tacrolimus concentration and body weight.
(E) Correlation between percent variation in tacrolimus concentration and body weight in patients weighing <20 kg. (F) Correlation between percent variation in
tacrolimus concentration and body weight in patients weighing �20 kg.
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variation after RCC transfusion and, consequently, would also
correlate with tacrolimus variation. This seems to be partially
true. The percent variation in hematocrit in patients weighing
�20 kg was significantly correlated with body weight
(Figure 5C), whereas that in patients weighing <20 kg was not
(Figure 5B). Likewise, the percent variation in tacrolimus con
centration in patients weighing �20 kg was significantly corre
lated with body weight (Figure 5F), whereas that in patients
weighing <20 kg was not (Figure 5E). This result may be due
to the amount of RCC transfusions in our department; almost
all patients weighing �20 kg received 2 units of RCC, whereas
those weighing <20 kg received an amount corresponding to
their body weight.

The other reasons why low body weight is a risk factor for
the sharp variations in tacrolimus concentration remain
unclear, however. One possible explanation is the difference in
tacrolimus clearance according to age. Because younger age
has been associated with greater tacrolimus clearance [28],
tacrolimus concentrations in younger patients may change
readily. To test this hypothesis, we analyzed the factors affect
ing sharp variations in tacrolimus concentrations using age
instead of body weight for multivariate analysis (Supplemen
tary Tables S1 and S2). Similar to low body weight, younger
age was associated with sharp increases and decreases in
tacrolimus concentration (P < .0001). These results show that
younger age tends to induce a sharp variation in tacrolimus
concentration. Therefore, because low body weight and young
age are risk factors for sharp variations in tacrolimus concen
tration, more careful monitoring is needed for these patients.

Because tacrolimus is metabolized mainly via CYP3A4, con
comitant use of drugs metabolized via CYP3A4 or those that
inhibit CYP3A4 could increase tacrolimus concentration
[19,29,30]. In this study, initiating drugs related to CYP3A4
within 24 hours did not affect tacrolimus concentration
(Table 2 and Figure 3). These results indicate that 24 hours is
too early to analyze the effect of drugs metabolized via
CYP3A4 on tacrolimus concentration. Extending the data col
lection period is difficult, however. Although extending the
period may be useful for accurately evaluating CYP3A4 related
drugs against tacrolimus concentration, other factors influenc
ing tacrolimus concentration, such as transfusions and fever,
may become obscure. Determining the proper data collection
period and duration of collection is also difficult. A limitation
of this study is that some factors that gradually influence
tacrolimus concentration were not fully considered. When
analyzing the factors that gradually influence tacrolimus con
centration and metabolism, the assessment of sequential
tacrolimus dosing and the ratio of tacrolimus concentration to
dosage (C/D) would be better than day to day variations in
tacrolimus concentration.

Polymorphisms in CYP3A5, CYP3A4, and ABCB1 also have
been frequently reported to influence tacrolimus metabolism
[19,31,32]. For example, transplantation recipients with the
CYP3A5*3/*3 genotype exhibit twice the tacrolimus C/D as
recipients with CYP3A5*1/*1 and *1/*3. It would have been
better to include these polymorphism data when analyzing
factors influencing tacrolimus concentration (especially in the
range of fluctuation of tacrolimus concentration). One limita
tion of this study was that we did not include these polymor
phism data in the statistical analysis.

An increase in tacrolimus concentration after immunosup
pressant administration has been noted occasionally. In this
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study, we evaluated the impact of immunosuppressants, (ie,
steroids and methotrexate) on tacrolimus concentration
immediately after starting immunosuppressants. Administra
tion of methotrexate was an independent factor affecting
tacrolimus concentration, whereas the start of steroid admin
istration was not. The reason for the different impacts of meth
otrexate and steroids on tacrolimus concentration is unclear;
however, one possibility might be the difference in the time
from administration to the emergence of effects against lym
phocytes for each immunosuppressant. Similar to CYP3A4
related drugs, the assessment of sequential tacrolimus dosing
and C/D after immunosuppressant administration will be use
ful to clarify this issue.

In this study, we attempted to classify the impact of fever
on tacrolimus concentration. Both a decline in fever and per
sistence of fever were associated with an increase in tacroli
mus concentration, whereas the occurrence of fever was
associated with a decrease in tacrolimus concentration
(Table 2). Yanagisawa et al. [28] reported that engraftment
syndrome increased tacrolimus clearance. As the main symp
tom of engraftment syndrome is fever, variations in tacrolimus
concentration could be associated with fever related to
engraftment syndrome.

Tacrolimus exerts its pharmacologic activity via T lympho
cytes [33], and thus the most useful TDM information is
derived from intracellular quantification in lymphocytes
[34�37]. However, the current standard and recommended
matrix for tacrolimus TDM is whole blood owing to its ease of
withdrawal, higher concentration compared with plasma, and,
consequently, simpler management in terms of sensitivity
[19,38]. Therefore, variations in tacrolimus concentrations
determined using whole blood associated with variations in
hematocrit could be “superficial” and may result in incorrect
tacrolimus dose adjustments. These “superficial” variations in
tacrolimus concentrations may be reduced in 2 ways: (1) by
using the formula to correct the tacrolimus level at the hemat
ocrit level [39] and (2) by minimizing day to day variations in
hematocrit specifically, reducing the volume of transfusion
(especially that of RCC) during the early post transplantation
period compared with that in the other periods. In clinical set
tings, minimization of day to day variations in hematocrit
would be more acceptable than using the correction formula.

In conclusion, this study demonstrates that RCC and PC
transfusions, fever, methotrexate administration, and replace
ments of the tacrolimus administration route set are indepen
dent factors affecting day to day variations in tacrolimus
concentration. Low body weight and younger age are also risk
factors for both sharp increases and decreases in tacrolimus
concentration, in addition to the aforementioned factors. By
considering these factors, better control of tacrolimus concen
tration could be achieved.

Supplementary Figure S1. Variations in hematocrit after PC
transfusion.
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