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Limited Sampling Strategies Supporting Individualized
Dose Adjustment of Intravenous Busulfan in Children and

Young Adults
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Gil Ring, MSc,*‡ Yael Lurie, MD,*† Norberto Krivoy, MD,*† Yedidia Bentur, MD,*† Edna Efrati, PhD,*‡

and Daniel Kurnik, MD*†

Background: Therapeutic drug monitoring (TDM) for busulfan
supports dose adjustment during conditioning for stem cell trans-
plantation. The authors aimed to develop and validate limited
sampling strategies (LSS) of 4–5 samples for a precise estimation
of the area under concentration (AUC)-time curve of busulfan, in
plasma as an alternative to an intensive sampling strategy (ISS)
requiring 9–10 samples.

Methods: ISS TDM data from 297 patients (#18 years of age)
were used. AUCLSS was calculated using the trapezoidal rule and
multiple linear regression (MLR). Unlike more complex modeling
methods, MLR does not require sophisticated software or advanced
training of personnel. MLR coefficients were estimated in the devel-
opment subset containing randomly selected 50% of the records and
were then used to calculate the AUCLSS of the remaining records (the
validation subset). The agreement between dose adjustment recom-
mendations (DAR) based on ISS and LSS, in the validation subset,
was evaluated by a Bland–Altman analysis. A DAR deviating from
an ISS-based reference by ,15% was deemed acceptable.

Results: Twelve LSSs were acceptable. Sampling at 0, 120, 180,
and 240 minutes after the start of the second infusion (LSS15)
yielded the best performance, with DAR deviating from the
reference by ,10% for 95% of cases; the AUCLSS was determined
as follows: AUCLSS = 74.7954 · C(0) + 81.8948 · C(120) +
38.1771 · C(180) + 138.1404 · C(240) + 54.1837. This LSS and
LSS13 performed similarly well in an independent external
validation.

Conclusions: MLR-based estimates of AUCLSS provide DARs that
deviate minimally from the reference. LSSs allow the reduction of
patient discomfort, a ;50% reduction of TDM-related workload for
nursing staff and blood loss and a ;25% reduction in laboratory

workload. These benefits may encourage wider use of busulfan
TDM, supporting safe and efficacious personalized dosing.
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BACKGROUND
For several decades, busulfan (BU), a bifunctional

alkylating cytotoxic agent, has been a cornerstone of
numerous myelosuppressive conditioning regimens for
human stem cell transplantation (HSCT). Similar to most
cytotoxic drugs, BU has a narrow therapeutic index. Numer-
ous studies have associated the effectiveness and safety of BU
conditioning with systemic exposure reflected by the AUC:
a high AUC increases the risk of treatment-related toxicity
and mortality, whereas a low AUC increases the risk of graft
rejection and disease relapse.1–6 Therefore, optimal target
AUC ranges have been defined for various populations and
HSCT indications.6–9 BU has a steep exposure–response
relationship7 and the pharmacokinetics (PK) of orally or
intravenously (IV) administered formulations are highly var-
iable.10–14 Thus, therapeutic drug monitoring (TDM) of BU,
to support PK-guided dose adjustment, is recommended to
improve the attainment of target AUC,15–19 which leads to
optimal exposure.

Traditional TDM sampling strategies recommend the
collection of 6–9 samples during and after the administration
of the first or second dose, that is, an intensive sampling
strategy (ISS). To reduce patient discomfort because of inten-
sive blood sampling, nursing staff workload, blood loss, and
laboratory costs, various limited sampling strategies (LSS)
have been developed.16,20–25 In most of these, AUCLSS was
estimated using the trapezoidal rule (TR). However, when
only a few blood samples are collected at widely spaced time
points, the accuracy of TR-based estimates of AUC may be
reduced. To achieve a more accurate estimate of AUCLSS,

mathematical or PK models can be applied. PK models, con-
sidered to be the gold standard, may be complex and require
trained personnel and dedicated software; therefore, they are
not routinely implemented in a clinical setting. In contrast,
simple models, such as those based on multiple linear regres-
sion (MLR) procedures, offer the potential for enhanced accu-
racy of the estimation of AUCLSS paired with simple, widely

Received for publication June 8, 2019; accepted July 23, 2019.
From the *Section of Clinical Pharmacology and Toxicology, Rambam Health

Care Campus; †The Rappaport Faculty of Medicine, Technion—Israel
Institute of Technology; and ‡Section of Clinical Pharmacology and Tox-
icology, Laboratory for Clinical Toxicology, Pharmacology, and Pharma-
cogenetics, Rambam Health Care Campus, Haifa, Israel.

Supported in part by grant No 20150044 from the Israel Cancer Association.
The authors declare no conflict of interest.
Correspondence: Zvi Teitelbaum, PhD, Section of Clinical Pharmacology and

Toxicology, Rambam Health Care Campus, P.O. Box 9602, Haifa 31096,
Israel (e-mail: z_teitelbaum@rambam.health.gov.il).

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

Ther Drug Monit � Volume 00, Number 00, Month 2019 1

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

mailto:z_teitelbaum@rambam.health.gov.il


available tools. This ensures straightforward implementation
in the clinic, with only basic requirements for software and
personnel training.

A major advantage of all modeling approaches, includ-
ing MLR methodology, is that they can be thoroughly
validated in external cohorts independent of those used for
model development. Models so far developed for the TDM of
BU have been based mostly on small cohorts without external
validation.20,23,26

The objective of this study was to develop and to
validate optimized LSSs (using 4 or 5 samples) for an
accurate estimation of exposure in children and adolescents
receiving IV BU as part of a conditioning regimen for
HSCT.

MATERIALS AND METHODS

Patients
The Laboratory of Clinical Toxicology, Pharmacology,

and Pharmacogenetics at the Section of Clinical Pharmacol-
ogy and Toxicology, Rambam Health Care Campus, Haifa,
serves as a nationwide referral laboratory for the TDM of BU.
Myeloablative BU conditioning during the study period, as
practiced in Israeli HSCT centers, usually consisted of 2-hour
infusions, every 6 hours for 4 days, for a total of 16 doses.
TDM was mainly performed in children and, because of
logistical reasons, during and after the second BU dose.

Demographic (age, sex, weight, body-surface area, or
height), clinical (indication for HSCT), and PK data (BU
dose and plasma concentrations at 9 time points during and
after the infusion), were retrospectively extracted from our
laboratory’s database. The database contained 334 TDM re-
cords for patients treated with IV BU in the period from
October 2001 to February 2017, in all 7 Israeli HSCT cen-
ters (Hadassah Hebrew University Medical Center, Jerusa-
lem, Rambam Medical Center Haifa, Schneider Children’s
Medical Center, Petah Tikvah, Shaare Zedek Medical Cen-
ter, Jerusalem, Sheba Medical Center, Tel Hashomer, Sor-
oka University Medical Center, Beer Sheba, and Tel Aviv
Souarsky Medical Center).

The flowchart in Figure 1 depicts the exclusion of
patients from the study database and the workflow for the
development and evaluation of the various LSSs
examined.

To avoid bias that may have resulted from variations in
BU PK profiles after different dosing sessions, only records
referring to TDM of the second of 16 BU infusions were
included in the study cohort.

An additional performance test was performed by
analyzing data from patients treated with IV BU after the
development of the LSSs was completed (May 2017–June
2018). Following exclusion criteria identical to those used
to construct the study cohort (Fig. 1), 42 TDM records, of
66 available, were included in the independent external
sample.

FIGURE 1. Flow chart for data
selection and LSS development and
evaluation.
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The Rambam Institutional Review Board approved the
study protocol and waived the need for informed consent,
based on anonymized data analyses.

Busulfan Dosing and TDM
Initial BU doses, determined by the treating physician,

were usually based on the European Medicines Agency’s body
weight algorithm.27,28 According to the TDM protocol prac-
ticed in all Israeli HSCT centers, samples for the determination
of BU concentrations are usually collected starting immediately
before the second dose (time = 0) and then at: 30, 60, 120, 150,
180, 240, 300, and 360 minutes after the start of this infusion.
BU concentrations were determined by a validated gas chro-
matography method (LOQ, 4 nM; precision, 15%; accuracy,
5%).29 AUCISS was then calculated by TR. Based on the
assumption of a linear dose—AUC relationship, a dose adjust-
ment was recommended to achieve the target AUC during
a single 6-hour dosing cycle (AUC0-6) for children, defined
during the study period as 1150 mM · min.

Choice of LSS
We explored several LSSs, each defined by a specific

set of sampling time points (Table 2). These were chosen
from the actual sampling times following previously sug-
gested sampling strategies20,21,25 and based on the expecta-
tion that they would be maximally informative.

The cohort used for each LSS contained all patients
with complete dosing data and BU concentration measure-
ments at all the sampling time points selected for that LSS.
TDM records with missing measurements at any of the time
points selected for the LSSs examined were excluded.
Therefore, the various LSSs were developed and tested in
largely overlapping, but slightly different subgroups of
records, with subcohort sizes between 238 and 246 patients,
depending on the sampling time points selected. A schematic
for the process of record selection for inclusion in the various
LSSs is presented in Figure 1.

Calculation of AUC
The reference AUCISS over the 6-hour period after the

second dose was calculated by TR, using concentrations at all
9 time points. Using Microsoft Office 365 ProPlus Excel,
AUCLSS was calculated by 2 methods using the concentra-
tions measured at all specific time points selected for the LSS
under investigation:
1. By a linear TR approximation (AUCLSS_TR).
2. By MLR (AUCLSS_MLR).This approach has been previously

used by several groups to estimate the AUC of BU20,23,26

and involves the estimation of a set of coefficients yielding
the best fit between individual AUCISS (ie, the reference
method) and AUCLSS_MLR, based on the BU concentrations
at all the sampling time points selected for the LSS exam-
ined. In this case, AUCLSS_MLR was calculated as:

AUCj
LSS MLR ¼

XK

i¼1

ai ·C
j
i þ constant (1)

where: j denotes a patient; K is the number of sampling
time points selected for this LSS; ai is the MLR coefficient,
and Cj

i is the BU concentration observed for the jth patient at
the ith selected sampling time point.

Randomization into Development and
Validation Subsets

In each LSS cohort, we randomly selected 50% of the
records as a development subset to estimate the MLR
coefficients. Then, using Equation 1, these coefficients were
used to calculate the individual AUCLSS (AUC

j
LSS MLR) of the

remaining 50% of the records (a validation subset). To avoid
selection bias, this process (random selection of records for
the development subset, estimation of MLR coefficients, and
calculation of AUCLSS_MLR with these coefficients for the
corresponding validation subset) was repeated 1000 times
for each LSS (Fig. 1).

For each of the two LSSs that exhibited the closest
agreement with the reference sampling strategy, we calculated
the means of the MLR coefficients obtained in the 1000
repeated randomizations. These mean coefficients were then
substituted into Equation 1 to calculate the individual
AUCLSS_MLR_Mean for each of the records in the LSS cohort.

Characteristics of Evaluated LSSs
The LSSs explored in this study can be grouped into

two categories:
1. LSSs that include sampling times only after the end of the

infusion. These avoid potential direct contamination of the
blood samples collected for TDM by BU from the infusion
fluid. Samples collected at time points before the end of
the infusion are essential for the calculation of AUC by
TR. Therefore, for LSSs that did not include samples col-
lected before the end of the infusion, AUCLSS was calcu-
lated by MLR only.

2. LSSs containing samples collected before the end of the
infusion (such as C(0), which is .0 when the TDM is
performed after the second dose). For these, the AUCLSS

was calculated by TR and by MLR.

Evaluation of LSSs
The target AUC may depend on patient age, treatment

protocol, and indication for HSCT.7 During the study period,
Israeli HSCT centers generally used a target AUC0-6 of
1150 mM · min for children and adolescents. Based on the
assumption of a linear relationship between BU dose and
AUC, we calculated an adjusted dose aimed to achieve the
target AUC for each patient in the validation subsets, based
on AUCLSS (calculated by either the TR or the MLR method).
This adjusted dose was compared with that based on AUCISS.
The agreement between these doses was evaluated by Bland–
Altman analysis30 of the ratio:

R ¼ Dose adjusted per AUCLSS

Dose adjusted per AUCISS

To achieve this end, we estimated the following Bland–
Altman parameters for the validation subset of each LSS:
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1. Mean (R), which represents the bias between the LSS- and
the ISS-based dose adjustment recommendations (DAR).

2. The SD and “the limits of agreement,” that is, the upper
and lower limits of the 95% confidence interval of the
distribution of R values.

The accuracy of the DAR based on each LSS,
compared with those based on ISS, was assessed through
the examination of the percentage deviation [DEV(%)] of
these limits of agreement from the mean (R):

jDEVð%Þj ¼ Mean ðRÞ2LL

Mean ðRÞ · 100

¼ 1:96 ·SD
Mean ðRÞ · 100

(2)

To adopt a conservative approach, we considered
jDEVð%Þj ,15% as a clinically acceptable extent of agree-
ment between dose recommendations based on LSS and the
reference TDM strategy. This means that less than 5% of dose
recommendations based on an LSS deviate by $15% from
those based on intensive sampling.

RESULTS
The flow chart in Figure 1 depicts the exclusion of 37

patients, either because the TDM was performed not after the
second dose, or because they were above the age of 18 years.

The demographic characteristics of the study cohort (n
= 297) presented in Table 1 indicate that most patients (n =
241) were between the ages of 2 and 18 years. The main
underlying diseases were hematological malignancies and
solid tumors (n = 102 and 129, respectively).

The main characteristics of the LSSs examined, and the
main outcomes of bias and accuracy obtained in Bland–
Altman analyses of agreement between LSS- and ISS-based
DAR, are shown in Tables 2–4.

The results based on AUCLSS estimates calculated by
MLR for all 17 LSSs examined are shown in Table 2. In
general, the dose recommendations based on LSS closely
agreed with those based on the reference ISS. With AUCLSS

estimated by MLR, mean (R) for all LSSs was very close to
unity, indicating only a modest bias, whereas the values of
jDEVð%Þj (12.0%–27.5%) represented a non-negligible var-
iation in the accuracy of the LSSs evaluated.

LSSs 1, 2, 3, 7, 8, 9, 10, 12, 13, 14, 15, and 17
exhibited jDEVð%Þj ,15%.

The two best-performing LSSs (13 and 15) exhibited
jDEVð%Þj #12.1% (Table 2). Calculation of the dose recom-
mendations with mean MLR coefficients, obtained from
a repeated 1000 randomizations for these two LSSs, slightly
improved the accuracy (eg, jDEVð%Þj = 8.4% for LSS 15;
Table 3).

The mean MLR coefficients were then used for LSS13
and LSS15 to calculate the AUCLSS in an independent exter-
nal validation cohort of 42 patients not included in the devel-
opment set of the LSSs. The demographic characteristics and
the main underlying diseases of these patients are also

presented in Table 1. The dose recommendations thus calcu-
lated, for the external validation cohort, had small bias values
of 2.7% and 2.6%, good accuracy jDEVð%Þj = 9.24% and
9.7% for LSS13 and LSS15, respectively.

Bland–Altman plots for several representative LSSs (R
as a function of the mean of the doses recommended by these
differently estimated AUCs) are presented in Figure 2.

The outcomes of the Bland–Altman analyses for LSSs
that included a sample collected immediately before the start
of the second BU infusion [C(0)], which allowed the calcu-
lation of AUCLSS by TR, are presented in Table 4. LSS13,
based on 5 samples, had the smallest bias (Mean (R) = 0.993)
and greatest accuracy (jDEVð%Þj = 11.6%).

Using methods and procedures identical to those
described above, we developed and evaluated the same LSSs
for subsets of the LSS cohorts that contained patients in a subset
of our study cohort characterized by (2, years of age#18). The
performance of these LSSs differed only insignificantly from
that of LSSs developed for the entire study cohort, irrespective
of age. Therefore, the results of these additional analyses, for the
selected age groups, are not presented.

DISCUSSION
In this study, we compared DAR for intravenous BU

treatment of children and adolescents derived from 17 LSSs
(with 4 or 5 sampling time points after the second BU dose)
with those based on ISS (9 samples). Twelve of the MLR-
based LSSs provided dose recommendations with minimal

TABLE 1. Demographic Data and the Underlying Diseases for
Patients Included in the Study Cohort and in the Independent
Validation Sample

Study
cohort

Independent
validation
sample

Patients

Total number 297 42

Males 163 (54.9%) 26 (62%)

Age (yr)

Mean (range) 6.2 (0.1–18) 6.2 (0.5–18)

Median (interquartile range) 5 (2.3–9.3) 5 (2.2–7.9)

No. (%) of patients ,2 yrs 56 (18.9%) 8 (19.1%)

No. (%) of patients $12 yrs 49 (16.5%) 7 (16.7%)

Body weight (kg)

Median (interquartile range) 16.5 (11.8–27.8) 15.7 (12.5–25.0)

Range 4.5–128.0 5.4–95.0

Underlying disease Number (%) Number (%)

Hematological malignancy 102 (34.34) 18 (42.86)

Congenital hematological,
nonmalignant

37 (12.46) 3 (7.14)

Solid tumor 129 (43.44) 13 (30.96)

Other 11 (3.70) 4 (9.52)

NA 18 (6.06) 4 (9.52)

NA, No diagnosis specified in the TDM request forms submitted to our laboratory
by HSCT centers outside Rambam.
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bias and good accuracy, with limits of agreement that
deviated from the mean by less than 15%, and by less than
12.1% for two LSSs. When optimizing the MLR coefficients
of LSS15 (blood collected at 0, 120, 180, and 240 minutes
after the start of the second BU infusion) by repeatedly
randomly splitting the cohort into development and validation
subgroups and averaging the resulting coefficients, the
accuracy was improved further (jDEVð%Þj ,10%). Thus,
for 95% of the patients, this approach would provide dose
recommendations that were within less than 10% of the dose
derived from ISS. For LSS15, the AUCLSS can be calculated
by the substitution of the averaged MLR coefficients (Table
3) into Equation 1.

The highly satisfactory comparison of the provided
DAR for an independent test cohort, with those based on the
reference ISS, further supported LSS15 as the best performing
MLR-based LSS in the development and validation
procedures.

Traditional TR-based calculation of AUC for LSS13,
14, 15, and 17, resulted in good accuracy, but variable bias.
LSS13 had the smallest bias and highest accuracy and was
practically noninferior to those of LSS15. However, it
required one additional blood sample, which may favor the
clinical implementation of LSS15.

The patient cohort used for our analyses was larger (n
= 297) than those used in most studies for the development
of LSSs for busulfan TDM. We adopted a narrow definition

of acceptable accuracy (jDEVð%Þj ,15%) and bias [Mean
(R) close to unity] compared with other studies.20 We used
Bland–Altman statistics30 rather than correlation co-
efficients or comparisons of mean values used in some
previous studies,23,25 as this approach is more meaningful
and clinically appropriate for the assessment of LSS
performance.

Although PK models, such as population-based mod-
els with Bayesian parameter estimates, may be considered as
the best validated approach for BU dose estimation,
particularly when LSSs are used, they require computational
tools and expert skills that are often not readily available in
the clinic.22,24 Such advanced methodologies were recently
used by Neely et al31 in the development of an LSS based on
2 blood samples only: a sample at 15 minutes after the end
of the infusion—(considered to be Cmax) and a sample at 6
hours after the start of the infusion, Ctrough. As our PK data
did not include one of these samples [C(15 minutes)], we
could not examine the applicability of their elegant work to
our data. Moreover, we do not have access to BestDose, the
advanced software used in their analyses. As pointed out by
Neely, the routine clinical implementation of their results
may be impeded by the limited general availability of
BestDose.

Using PK data collected from a small cohort of young
Japanese patients during the first BU infusion, Watanabe
et al23 recently developed several LSSs using MLR to

TABLE 2. LSSs Based on Sampling Time Points Starting at the End of the BU Infusion

LSS
# Sampling Times (min)*

Recommended Dose
Adjustment LSS/ISS

Mean SD† LL‡ UL‡ n DEV; VAL§
Deviation
(%)¶

1 120 180 300 360 0.9993 0.0660 0.8700 1.1286 123; 123 12.9

2 120 180 240 360 0.9992 0.0687 0.8646 1.1338 123; 123 13.5

3 120 240 300 360 0.9990 0.0687 0.8644 1.1337 123; 123 13.5

4 150 180 300 360 0.9971 0.1113 0.7789 1.2152 121; 120 21.9

5 150 240 300 360 0.9978 0.1079 0.7862 1.2093 119; 119 21.2

6 150 180 240 360 0.9990 0.1065 0.7902 1.2078 120; 120 20.9

7 120 150 300 360 0.9987 0.0754 0.8509 1.1465 121; 120 14.8

8 120 150 240 360 0.9996 0.0695 0.8633 1.1358 120; 123 13.6

9 120 150 180 360 0.9985 0.0717 0.8580 1.1391 122; 121 14.1

10 120 180 240 300 360 0.9992 0.0644 0.8731 1.1254 121; 122 12.6

11 150 180 240 300 360 0.9979 0.1074 0.7874 1.2084 119; 119 21.1

12 120 150 240 300 360 0.9996 0.0698 0.8628 1.1363 119; 119 13.7

13 0 120 180 240 360 0.9989 0.0612 0.8790 1.1190 123; 123 12.0

14 0 120 180 360 0.9973 0.0668 0.8663 1.1283 123; 123 13.1

15 0 120 180 240 0.9982 0.0614 0.8778 1.1185 121; 120 12.1

16 0 180 240 360 0.9988 0.1400 0.7244 1.9576 123; 123 27.5

17 0 120 240 360 0.9984 0.0647 0.8717 1.1252 123; 123 12.7

AUC calculated by MLR.
*After the start of the second BU infusion.
†Standard deviation (SD).
‡Lower; Upper limits of 95% CI, calculated as: Mean (R) 6 1.96 · SD.
§Number of records in the cohort used for development and validation, respectively.
¶Calculated as: jDEVð%Þj = 100 · [Mean (R) 6 1.96 · SD]/Mean (R).
UL, LL: upper, lower limits; CI, confidence interval.
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calculate AUCLSS. However, when applying the MLR coef-
ficients obtained in that study to our PK data, we found a very
unsatisfactory agreement between AUCISS and AUCLSS_MLR,
represented by extremely large jDEVð%Þj values (data not
shown).

Using population-based modeling and Bayesian infer-
ence methodology, Huang et al recently presented32 an unbi-
ased and accurate LSS estimation of AUC in a limited cohort
of 20 adult patients. Their LSS used only 2 samples collected
at 2 and 6 hours after the start of the BU infusion. Our MLR
analysis of this LSS, using our database of 245 patients, did
exhibit a minimal bias [Mean (R) = 0.997]. However, its low
accuracy (jDEVð%Þj = 18.2%) failed to meet the acceptance
criteria we adopted in the current work.

In contrast with sophisticated modeling methods, MLR
approaches require only simple calculations. In fact, the entire

MLR procedure used in this study, including the calculation
of mean MLR coefficients from repeated random splitting of
the cohort, and the Bland–Altman analyses, can be easily
performed using basic software (eg, Excel, .). Thus, the
MLR approach implemented in the clinic may be viewed as
an easily applicable alternative to PK modeling.

Irrespective of the computational approach used, a thor-
ough validation of LSSs is required before their implementa-
tion. In our independent test sample, LSS13 and LSS15
performed as well as in the original cohort used for
development and validation. This suggests that our large
sample size and the technique of repeated estimations and
then averaging of the MLR coefficients provided a robust and
clinically applicable AUC calculation. In addition to these,
the main advantages of LSS15 compared with LSSs described
in the literature are:

TABLE 3. DAR Based on AUCMLR Calculated Using Means of MLR Coefficients

LSS
# N* Sampling Times†(min)

MLR coefficients‡
Recommended Dose
Adjustment LSS/ISS

a1 a2 a3 a4 a5 Constant Mean SD§
LL; UL¶
(% DEVk)

13 246 0 120 180 240 360 62.9597 84.2337 45.5195 97.9240 50.1657 65.5863 0.9986 0.0576 0.8857;
1.1115
(11.3)

15 241 0 120 180 240 74.7954 81.8948 38.1771 138.1404 54.1837 0.9990 0.0429 0.9149;
1.0830
(8.4)

*Number of records in the LSS cohort.
†Time after the start of the second infusion.
‡Means of the MLR coefficients obtained in 1000 repetitions of randomization and MLR procedure.
§Standard deviation (SD).
¶Lower; Upper limits of 95% CI, calculated as: Mean (R) 6 1.96 · SD.
kCalculated as: jDEVð%Þj = 100 · [Mean (R) 6 1.96 · SD]/Mean (R).
UL, LL: upper, lower limits; CI, confidence interval.

TABLE 4. LSSs Including a Sample Immediately Before the Start of the Infusion

LSS
# N* Sampling Times† (min)

Recommended Dose
Adjustment LSS/ISS

Mean SD‡ LL; UL§
Deviation

%¶

13 246 0 120 180 240 360 0.9927 0.0585 0.8781;
1.1074

11.6

14 246 0 120 180 360 0.9704 0.0621 0.8487;
1.0920

12.5

15 241 0 120 180 240 1.2892 0.0885 1.1157;
1.4627

13.5

16 246 0 180 240 360 1.2305 0.1778 0.8819;
1.5790

28.3

17 246 0 120 240 360 0.9867 0.0659 0.8575;
1.1159

13.1

AUC calculated by TR.
*Number of records in the cohort used with each LSS.
†After the start of the second BU infusion.
‡Standard deviation (SD).
§(Lower; Upper) limits of 95% CI, calculated as: Mean (R) 6 1.96 · SD.
¶Calculated as: jDEVð%Þj = 100 · [Mean (R) 6 1.96 · SD]/Mean (R).
UL, LL: upper, lower limits; CI, confidence interval.
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1. LSS acceptance criteria that were stricter and more
demanding than in most publications on the development
of LSSs for the TDM of busulfan.

2. Simplicity of the LSS that was deemed to be optimal and
the resulting potential of a straightforward adaptation to
the clinical situation, requiring rudimentary tools, as sim-
ple as a basic calculator, readily available to every member
of the medical staff.

This study has several limitations. Our analysis was
based on TDM performed after the second of 16 IV doses in
a cohort representing the Israeli population only. There
should be no a priori reasons why LSSs that performed well
in the Israeli population after the second dose should not
perform similarly well after the first dose in other populations.
However, as the intrapatient variation of BU PK upon
repeated dosing is widely documented,21,31,33 the application
of the LSSs developed and evaluated here to other patient
populations, other treatment protocols, or to TDM performed
after BU doses other than the second dose, will require addi-
tional evaluation. Although our study cohort was relatively
large, it was too small for meaningful subgroup analyses (eg,
stratification by ethnicity, underlying disease, type of trans-
plantation, and comedication). However, the very satisfactory
performance of LSS15, despite the heterogeneity of the study
cohort (in age, gender, ethnicity, underlying disease, come-
dications, etc.), confers advantageous generality.

Ideally, the utility of any TDM strategy used for dose
adjustment should be examined through the analysis of the
outcomes of HSCT. We only had limited access to such data,
which precluded meaningful analysis.

In conclusion, LSSs paired with MLR-based AUC
calculation resulted in dose recommendations with min-
imal bias and good accuracy compared with those based
on ISS. LSS15 (blood collected at 0, 120, 180, and 240
minutes after the start of the second BU infusion), in
conjunction with averaged MLR coefficients (Table 3,

AUCLSS = 74.7954 · C(0) + 81.8948 · C(120) +
38.1771 · C(180) + 138.1404 · C(240) + 54.1837) per-
formed best. The application of this formula to calculate
AUCLSS in an independent validation cohort yielded
a small bias and excellent accuracy.

The advantages of LSSs may help to promote the more
extensive use of busulfan TDM in clinical practice, further
supporting safe and efficacious personalized dosing.
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