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Abstract

Therapeutic drug monitoring (TDM) of busulfan (BU) is useful for achieving the target

area under the curve (AUC) because its effective plasma concentration range is narrow.

This preliminary observational study evaluated the pharmacokinetic (PK) parameters of

BU administered four times daily or once daily to pediatric patients. The plasma

concentrations were measured at both the test dose and first dose, and the doses on day 1

and days 2—4 were determined based on each TDM. A comparison of PK parameters

between four-times-daily and once-daily administration was performed for both the test

dose and first dose of BU. Of the 11 patients, five received four-times-daily BU and six

received once-daily BU. The Vd for once-daily administration was higher than that for

four-times-daily administration for the first dose but not for the test dose. The ratio of

actual AUC for the first dose to estimated AUC guided by the test dose was lower with

once-daily administration than with four-times-daily administration. These results

indicate that the PK parameters of BU administered once daily are challenging to predict

based on the TDM of the test dose. TDM should be considered on day 1 to achieve the

target AUC, especially with once-daily administration.

Keywords: busulfan; hematopoietic stem cell transplantation; test dose; therapeutic drug
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Introduction

Busulfan (BU) is an alkylating agent that is often used in hematopoietic stem cell

transplantation (HSCT). A higher area under the curve (AUC) of BU is associated with

toxicity, such as sinusoidal obstruction syndrome (SOS), and a lower AUC results in graft

failure, relapse, and graft-versus-host disease (GVHD) [1-3]. The safety and efficacy of

the intravenous four-times-daily administration of BU was confirmed in a phase II trial

[4]. BU once-daily method has also been found to be well-tolerated, and a comparative

study between four-times-daily and once-daily administration of BU in adolescents and

adults was conducted [5,6]. The study indicated that the toxicity and pharmacokinetics

(PK) of BU were similar between the two methods. However, a BU PK comparison study

between four-times-daily and once-daily administration methods in pediatric population

has not been reported. Because BU has a large inter-individual variability and a narrow

effective range, therapeutic drug monitoring (TDM) is useful to maximize the efficacy

and minimize the toxicity of BU. The PK of BU varies among patients, and therefore,

determination of PK parameters of BU using the test dose before conditioning

chemotherapy may be useful to predict BU exposure [7-9]. However, its

effectiveness/usefulness in pediatric patients is not well established. In this study, we

aimed to compare PK after once-daily and four-times-daily administration of BU in
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pediatric patients and the usefulness of the test dose prediction of BU PK. We analyzed

PK parameters, including the elimination rate constant (kei), clearance (CL), distribution

volume (Vd), and AUC. K¢ represents the fraction of drug eliminated from the body over

a certain period. The CL is the plasma volume of a drug eliminated in a given period,

indicating its ability to eliminate it. Vd is the total amount of drug in the body divided by

its plasma concentration, relating to the disposition of drug to tissues and organs. The

AUC is the integral value of the plasma drug concentration-time curve that reflects the

total drug exposure. We compared these parameters between four-times-daily and once-

daily administration for the test and the first dose. To verify the usefulness of the test

administration, we also calculated the coincident ratios of the actual AUC for the first

dose and the estimated AUC for the test dose (actAUC/estAUC) using the four-times-

daily and once-daily dosing regimens. This ratio provides a measure of the predictive

performance of the AUC based on test dose analysis.
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Methods

Patients

Patients who received intravenous BU and underwent plasma concentration

measurements between April 2021 and December 2023 at Hokkaido University Hospital

were prospectively evaluated. The present study was approved by the Ethical Review

Board for Life Science and Medical Research of Hokkaido University Hospital (approval

number: 022-0319) and was conducted in accordance with the Declaration of Helsinki

and STROBE statement. Informed consent was obtained from each participant or proxy.

Treatment regimens and methods of determining plasma concentration, PK, and

AUC of BU

The conditioning treatment included intravenous BU for four days, and the test

dose was implemented appropriately one week before the conditioning treatment, as in a

previous study [9]. The test dose was 0.6 mg/kg in all patients. BU TDM was performed

at the test dose and first dose of the conditioning treatment. The BU doses on day 1 and

days 2—4 were determined based on TDM of the test dose and first dose, respectively. The

target AUC of BU was established in a range of 65—75 mg*h/L by the physician according

to individual disease, and BU exposure was expressed in mg*h/L by consensus statement
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[10]. BU was administered over two hours in four-times-daily and over three hours in

once-daily method. Plasma samples were collected at 5 min, 1, 2, 4, and 8 h after the

termination of BU administration of the test dose and first dose of once-daily method, and

at 5 min, 1, 2, and 4 h before the next administration of the first dose of four-times-daily

method. Urine concentration was measured in one patient, who provided informed

consent, until 13 h after BU initiation. Plasma and urine concentrations of BU were

measured using liquid chromatography-tandem mass spectrometry (LC/MS/MS). The

actual AUC values were calculated using the trapezoidal method. According to TDM, the

estimated AUC of the test dose was estimated using one-compartment model. The PK

parameters, such as ke, CL, and Vd, were calculated using one-compartment model.

GVHD was assessed according to the Mount Sinai Acute GVHD International

Consortium [11]. Hepatic SOS and veno-occlusive disease were assessed according to the

European Society for Blood and Marrow Transplantation classification [12].

Supportive care

Seizures were prevented using levetiracetam (20 mg/kg/day) from the day before

BU administration until the day after the completion of BU treatment. SOS was prevented

using ursodeoxycholic acid (10 mg/kg/day) and dalteparin (75 U/kg/day) before the
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conditioning therapy until day 30 after transplantation. In case of occurrence of SOS,

defibrotide (6.25 mg/kg every 6 h) was used as treatment option.

Outcomes

The primary endpoint of this study was the comparison of PK parameters of BU

between four-times-daily and once-daily administration methods. The secondary

endpoints of the study were the coincident ratios of the (actAUC/estAUC) in four-times-

daily and once-daily methods. Treatment efficacy and toxicity were also evaluated.

Statistical analysis

Early clinical events during 100 days after transplantation were visually

described. Differences in PK parameters between four-times-daily and once-daily

methods were assessed using the Mann—Whitney U test. The ratio of the actual AUC for

the first dose and the estimated AUC for the test dose and that of Vd for the first dose and

test dose were assessed using Pearson’s correlation test. All statistical analyses were

performed using EZR (Saitama Medical Center, Jichi Medical University, Saitama,

Japan), which is a graphical user interface for R (The R Foundation for Statistical

Computing, Vienna, Austria). Differences were considered statistically significant at p <
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Results

Patient characteristics

The patient characteristics are presented in Table 1 and Supplemental Table S1.

Our cohort consisted of 11 patients with a median age at HSCT of 7.6 years old (range:

0.4-11.8). The underlying diseases were as follows: malignant disease in two patients,

inborn errors of immunity in seven patients, and inborn errors of metabolism in two

patients. The conditioning regimen and target AUC of BU (mg*h/L) were as follows: BU

(65)/cyclophosphamide (CY) and BU (72)/melphalan (Mel) in two patients each, and

fludarabine (Flu)/BU (65) regimen in seven patients. The BU doses on day 1 were

determined according to TDM of the test dose for all patients. After BU TDM of the first

dose on dayl, its doses on days 2—4 were adjusted as necessary.

Treatment efficacy and toxicity associated with BU between four-times daily and

once-daily methods

The clinical outcomes are summarized in Table 2 and Fig. 1. Of the 11 patients

treated with BU conditioning therapy, five received four-times-daily administration and

six received once-daily administration. Because the sample size was small, we could not

evaluate the differences in efficacy and toxicity between BU administration methods. The

11
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median number of neutrophil engraftment days was 15 (range, 11-18) in four-times-daily

and 13.5 (11-22) in once-daily method. No graft failure was observed in any patient. SOS

developed in one and three patients, and very severe SOS developed in one patient each

in four-times-daily and once-daily methods, respectively. Although most patients with

allogeneic HSCT developed acute GVHD (aGVHD), the severity was of grade I or II, and

the disease was controllable.

Comparison of PK parameters for the test dose and first dose of BU between four-

times daily and once-daily administration methods

The PK parameters for the test dose and first dose and for both methods are

described in Table 3. AUC, kei, CL, and Vd for the test dose (0.6 mg/kg/dose) were not

significantly different between four-times-daily and once-daily methods. Similar to the

test dose, kei and CL were not significantly different between four-times-daily and once-

daily methods for the first dose PK analysis. In contrast, Vd in once-daily method was

higher than that in four-times-daily method for the first dose PK analysis (1.03 + 0.21

L/kg in four-times-daily method vs. 1.71 + 0.54 L/kg in once-daily method, p = 0.02).

Consistently, cumulative AUC calculated for the first dose PK analysis was lower in once-

daily method than that in four-times-daily method (63.20 + 8.68 mg*h/L in four-times-

12
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daily method vs. 38.30 + 7.70 mg*h/L in once-daily method, p < 0.01). In addition, the

coincident ratio of actAUC/estAUC was also lower in once-daily method than that in

four-times-daily method (88.60 + 5.73% in four-times-daily method vs. 58.5 + 5.24% in

once-daily method, p <0.01).

The difference in actAUC/estAUC between four-times-daily and once-daily

methods indicated intra-individual factors associated with the test dose and first dose.

Conditions, such as administration time, hydration, and concomitant medication, were the

same in the test dose and first dose. Therefore, we considered that the dose differences

between the test dose and first dose or between four-times-daily and once-daily methods

influenced Vd and actAUC/estAUC. Consequently, we evaluated the correlation between

the dose ratio for the test dose and first dose and that for Vd or actAUC/estAUC (Fig. 2).

The Vd ratio correlated positively with the dose ratio for the test dose and first dose (r =

0.604, p = 0.049, Fig. 2a). In contrast, actAUC/estAUC showed negative correlation with

the dose ratio for the test dose and first dose (r =—0.79, p < 0.01, Fig. 2b).

Trend in BU plasma concentration and cumulative amount of BU excreted in urine

Although no significant difference was observed in CL between four-times-daily

and once-daily methods in the first dose PK analysis (4.23 + 1.74 mL/min/kg in four-

13
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times-daily method vs. 5.50 + 2.22 mL/min/kg in once-daily method, p = 0.33), CL in

once-daily method tended to be higher than that in four-times-daily. Therefore, we

determined BU urinary excretion in one patient. BU urinary concentration for the test

dose was below the detection sensitivity (less than 25 ng/mL) and could not be detected

because of the low dosage; however, it was detected for the first dose (3.4 mg/kg) (Fig.

3), and BU urinary excretion ratio was calculated as 2.46% during approximately the first

12 h after BU administration.
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Discussion

In this study, we evaluated the PK parameters of four-times-daily and once-daily

methods (Table 3). Previous comparative studies in adolescents and adults indicated that

PK parameters, such as Vd, CL, and cumulative AUC, did not differ between four-times-

daily and once-daily methods [5,6]. Similar to the adult data, AUC, kei, CL, and Vd did

not differ between the two methods for the test dose. The age and weight distributions

between the two methods were not balanced, and patients in the four-times-daily group

tended to be younger and lighter (Supplemental Table S1). These patients generally had

higher CL for BU and required higher doses. In addition, two infant patients whose Vd

tended to be higher were included in the four-times-daily group [13]. Although the

number of patients was small and analysis by age or weight was not available, these

factors could have affected the PK differences in the first dose TDM. However, there was

no difference in PK parameters between the two groups at the test dose (fixed at 0.6

mg/kg); we considered that interindividual variability in PK characteristics was similar

between the two groups. The study used the same conditions except for the administration

time (two vs. three hours) in the TDM of the test dose; administration time did not affect

PK parameters. A previous study that simulated various doses and administration times

showed similar AUC but did not show higher Cmax in the once-daily dose and three-hour

15
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administration time [14], consistent with our AUC results for the test dose. The ke and

CL values did not differ significantly at the first dose between the four-times-daily and

once-daily methods. Although the CL value in once-daily method varied in pediatric

patients from 1.47 to 6.90 mL/min/kg according to previous reports [15-17], it was

estimated to be 5.50 + 2.22 mL/min/kg in this study. In contrast, cumulative AUC and

actAUC/estAUC ratio in once-daily method were significantly lower than those in four-

times-daily method for the first dose. In addition, Vd in once-daily method was higher

than that in four-times-daily method, suggesting that an increase in Vd induced a decrease

in BU plasma concentration and AUC. This study suggests that BU dose adjustment

according to the TDM of the test dose may be insufficient to achieve the target AUC in

the once-daily method because of the differences in Vd between the two methods.

In our correlation analysis, actAUC/estAUC ratio was strongly correlated with

the dose ratio for both the test dose and first dose (Fig. 2b). In contrast, Vd ratio exhibited

a significant negative correlation with the dose ratio (Fig. 2a). Consequently, we

considered that dose differences between the test dose and first dose affected Vd and AUC.

In other words, an increase in the first dose in once-daily methods induced an increase in

Vd. We observed that the Vd in the once-daily method was higher than in the four-times-

daily method, resulting in differences in actAUC/estAUC. These observations could have

16
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been affected by dose differences. One example of PK alteration with dose differences is

the saturation of metabolic enzymes such as salicylic acid and phenytoin [18]. In such

cases, the drug CL was reduced; however, no significant effect on CL was observed in

this study. In by passive diffusion, Vd is specified by the transferability between the blood

and tissue and the rate of protein binding in the blood and tissue. For example, phenytoin

has a large Vd and a high protein-binding rate, and its Vd is known to increase when

plasma proteins are decreased or saturated [18]. Although BU has a large Vd and high

tissue transferability, its protein binding rate was reported to be less than 10% [19],

leading to a small effect of protein binding on Vd. However, it has been reported that

32.4% of BU binds irreversibly to plasma proteins by covalent binding through

nonspecific alkylation [20]. Considering the PK characteristics of BU, it is possible that

the high concentration of the once-daily dosing regimen saturates irreversible binding in

plasma proteins, resulting in enhanced BU transfer to tissues and increased Vd. Although

the mechanism inducing the Vd increase in pediatrics was not revealed, the tissue

transitional potential of BU and body composition differences between pediatrics and

adults [21] could be also the reasons for Vd change by BU dose. The present study

analyzed and compared the PK parameters of BU between four-times-daily method and

once-daily method in pediatric patients. Further studies comparing Vd between the four-

17
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times-daily and once-daily methods are required.

The CL value of BU in once-daily method tended to be higher than that in four-

times-daily method for the first dose although the difference was not significant. CL

increases at high concentrations, for example, some small molecules, such as glucose,

pass glomerular filtration and almost reabsorbed in the proximal tubule via transporters.

They are reabsorbed to a limited extent because of the saturation of transport activity, and

the urinary excretion rate increases [22]. Therefore, we speculated that BU urinary

excretion increased, which was measured to be 2.46%, with high dose BU and plasma

BU concentration (once-daily method) based on the mechanism described above (Fig. 3).

However, considering that unchanged BU in the urine was 2% of the dose (orally 1 mg/kg

every 6 h) reported by Hassan et al. [23], the urinary excretion in once-daily method did

not increase.

To perform TDM, it is important to consider whether the test dose adjustment is

useful. In our patients, dose adjustment for the test dose achieved the target AUC in four-

times-daily, but not in once-daily method (Table 3). The higher degree of dose alteration

between the first dose and test dose may have induced a difference in the target AUC in

once-daily method (Fig. 2). Some studies have demonstrated no difference in CL values

for the test dose and first dose in once-daily method [15,17,24]. However, a deviation
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from AUC of more than 10% was confirmed in 29.0% patients [17] and 20% patients did

not achieve the target AUC after adjusting BU dose to the test dose [24]. Similarly, a case

report indicated the predicted AUC from the test dose deviated more than 10% in four of

five children [25]. Guidelines recommend the first dose of TDM, however, a test dose

strategy is not currently recommended [7,8]. Our data also support these guidelines,

particularly for once-daily method. In contrast, TDM on day 1 was performed in several

studies for both children and adults [3,16,26-30] and adjusting BU dose to achieve the

target AUC was good for improved clinical outcomes [28], including low incidence of

SOS [30] or acute GVHD [3] and superior efficacy [27]. In our patients, dose adjustment

according to TDM for the first dose showed that most treatment-related toxicities were

controllable, and graft failure was not observed (Fig. 1). The incidence of SOS was

approximately 20% in normal patients and up to 60% in high-risk patients [12]. The

incidence rate, except for two patients developing SOS with high-risk (one patient had

neuroblastoma and the other was infant), was similar to the previous report [12] (22.2%,

two of nine patients). Although two patients with high-risk SOS developed severe SOS,

they were treated with defibrotide and recovered. This study included two infants with a

higher SOS risk [9,13,31]. One reason is the high CL and Vd values in infants [31].

Considering these PK differences, TDM in infants might be more effective in reducing
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the incidence of SOS. Although the number of participants in this study was small, we

believe that TDM can be effective in improving treatment outcomes, including BU

conditioning.

This study has some limitations. First, the number of patients was too small for

detailed analysis. Second, age, weight, disease, conditioning regimen, and target AUC of

BU were not uniform between the two groups. Third, genetic polymorphisms associated

with BU metabolism, which could influence the PK and AUC of BU, were not evaluated.

Finally, we did not examine the AUC after dose adjustment during the first TDM. These

data require further review to determine the association between AUC and clinical

outcomes. Consequently, the results of this study are preliminary, and further studies

evaluating the PK after four-times-daily and once-daily BU administration are warranted.
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Conclusion

This preliminary observational study demonstrated that the Vd values of BU

were different between four-times-daily and once-daily methods, resulting in

underestimation of AUC guided by the test dose PK analysis, because the dose variation

between the test and first BU administration was large in the two methods. Ideally, BU

TDM and dose adjustment on day 1 would be better for achieving the target AUC.
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Figure legends

Figure 1 Progress in the acute phase after transplantation.

Figure 2 Correlation of the dose ratio for the test dose and first dose with Vd ratio (a) or

coincident ratio of actual AUC for the first dose and estimated AUC for the test dose (b).

Circles represent four-times-daily method, and squares represent once-daily method.

AUC, area under the curve; Vd, distribution volume.

Figure 3 Trend in BU plasma concentration and urinary excretion for the first dose in

once-daily method. BU, busulfan.
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Table 1 Patients’ characteristics and transplantation procedure

Total patients (n = 11)

Sex (male/female) 9/2
Age at HSCT, year; median (range) 7.6 (0.4-11.8)
Weight, kg; median (range) 17.8 (6.5-46.3)
Malignant disease
Ewing sarcoma 1
Neuroblastoma 1

Inborn errors of immunity
CGD
SAP deficiency
CD40 ligand deficiency
FHL
SCN

Inborn errors of Metabolism
MPS 2

Stem cell source

—_— = = NN

Autologous-peripheral blood
Unrelated allogeneic-cord blood

Unrelated allogeneic-bone marrow

EENE \S IR VS I\

Related-peripheral blood
Conditioning regimen with BU (target AUC,
mg*h/L)

Mel/BU (72)

CY/BU (75)

Flu/BU (65)

Flu/BU (65)/ATG

Flu/BU (65)/TBI 3 Gy/ATG

Flu/BU (65)/Alemtuzumab
GVHD prophylaxis

sMTX+Tac

PTCY+Tac+MMF 4

N = W = NN

)]

HSCT, hematopoietic stem cell transplantation; FHL, familial hemophagocytic

lymphohistiocytosis; CGD, chronic granulomatous disease; SCN, severe congenital



neutropenia; MPS, mucopolysaccharidosis; SAP, serum amyloid P component; BU,
busulfan; Mel, melphalan; Flu, fludarabine; TBI, total body irradiation; CY,
cyclophosphamide; GVHD, graft-versus-host disease; sMTX, short-term methotrexate;
Tac, tacrolimus; PTCY, post-transplant cyclophosphamide; MMF, mycophenolate

mofetil; ATG, anti-human thymocyte immunoglobulin.



Table 2 Engraftment data and toxicities

Four-times-daily (n =5) Once-daily (n = 6)
Neutrophil 15 (11-18) 13.5 (11-22)
engraftment days;
median (range)
Graft failure 0 0
SOS 1 3
Mild 0 2
Very Severe 1 1
Seizures 0 1
aGVHD 4 (n = 4 for allogeneic) 3 (n =15 for allogeneic)
Grade | 1 2
Grade 11 3 1

SOS, sinusoidal obstruction syndrome; aGVHD, acute graft-versus-host disease.



Table 3 PK analysis

Four-times-daily

Once-daily (n =6) p-value

(n=5)
Test ket (/h) 0.30 +0.06 0.31+0.10 0.93
dose
CL (mL/min/kg) 3.62+1.22 3.12+1.11 0.54
Vd (L/kg) 0.78+0.15 0.73£0.26 1.00
AUC (mg*h/L/dose) 2.64 +0.25 3.01 £0.31 0.43
Estimated cumulative 71.9 £8.34 65.6 +3.43
AUC after dose
adjustment by test
(mg*h/L)
First Dose (mg/kg) 1.07+0.24 345+0.84
dose
kel (/h) 0.27 +£0.08 0.22+0.04 0.25
CL (mL/min/kg) 4.23+1.74 5.50+2.22 0.33
Vd (L/kg) 1.03 +£0.21 1.71 £ 0.54 0.02
AUC (mg*h/L/dose) 3.95+0.54 9.69 +1.72
Actual cumulative AUC  63.20 + 8.68 38.30+7.70
(mg*h/L)
Ratio of actAUC/estAUC  88.60 +5.73 58.5+5.24 <0.01

(%)

PK, pharmacokinetics; AUC, area under the curve; kel, elimination rate constant; CL,

clearance; Vd, distribution volume.
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