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Novelty of the manuscript: 

1. What is the new aspect of your work?  

Correlation between individualized busulfan administration and lower relapses in AML 
patients with intermediate risk 

2. What is the central finding of your work?  

Improved survival due to lower relapse risk in patients with intermediate risk AML 
after individualized busulfan administration compared to fixed one 

3. What is (or could be) the specific clinical relevance of your work?  
 
Using of individualized busulfan as part of conditioning for AML patients with 
intermediate risk allografted in CR 
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Abstract 

Pre-transplant minimal residual disease (MRD) impacts negatively on post-transplant relapse 

risk in AML. Therapeutic drug monitoring by calculating area-under-the-curve (AUC) was 

developed to optimize busulfan exposure. Here, we compared post-transplant outcomes after 

individualized versus fixed busulfan dosage in intermediate-risk AML who achieved CR prior 

to allograft focusing on pre-transplant flow-MRD.  

87 patients (median,  56 years) with intermediate-risk AML and pre-transplant flow-MRD 

(“different from normal”) were included. 32 patients received individualized busulfan ; 54 fixed  

dosage. Individualized dosage was adjusted in 25/32 patients: increased, n=18/25 (72%);  

decreased: n=7/25 (28%). 

After median follow-up of 27 months, we observed lower 3-year relapses (6%, 2-19% vs 35%, 

23-49% p=0.02), improved 3-year LFS (78%, 54-91% vs 55%, 40-70% p=0.009) and -OS 

(82%, 60-93% vs 69%, 54-81% p=0.05) after individualized  compared to fixed Bu. NRM and 

acute GvHD were not different. In multivariate analysis, fixed Bu showed unfavorable impact 

on OS (HR 4.6, p=0.044), LFS (HR 3.6, p=0.018) and relapses (HR 3.6, p=0.033). Fixed Bu 

also had unfavorable impact on LFS (3.6, 1.1-12.6, p=0.041) in pre-transplant MRD-positive 

patients. 

Individualized, AUC-based, busulfan is associated with lower relapses in intermediate-risk 

AML patients allografted in CR and may overcome pre-transplant MRD-positivity. 
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Introduction 

Busulfan (1,4-dimethanesulphonyloxybutane, Bu) is an alkylating agent with intense 

myelosuppressive potential which has been widely used in transplant settings since 

decades.(1) Historicaly, the use of oral Bu was associated with unpredictable and erratic 

bioavailability due to variable intestinal absorption and a hepatic first-pass extraction effect that 

led to development of relevant complications such as hepatic sinusoidal obstructive syndrome 

(SOS) and seizures.(2;3) Several pharmacokinetic (PK) studies were able to demonstrate a 

relationship of Bu exposure and clinical endpoints such as engraftment and toxicity.(4-7) 

Introduction of intravenous (i.v.) Bu overcame these issues and led to lower toxicity with at 

least similar anti-leukemic activity in AML/MDS patients resulting in improved survival.(8;9) 

Nevertheless, it was found that patient-individual covariates such as age, weight, body surface 

area or co-medication might affect the clearance or volume of distribution of busulfan leading 

to inter-individual variability (10-15) and intra-individual change of a pharmacokinetic 

parameter between different doses (16,17). 

PK-guided Bu administration was found to be associated with higher engraftment rates in 

children(18), lower hepatotoxicity rates(19,20), and lower relapses in patients with previously 

untreated chronic myeloid leukemia (CML).(21) Further studies reported that toxicity is 

associated with increased AUC, thus the optimized AUC level led to significantly lower toxicity, 

lower NRM und higher survival outcomes also in older and/or patients with comorbidities.(22-

26) However, its impact on post-transplant relapses remains unclear. Though one large 

CIBMTR study showed significantly improved relapse rate after i.v. Bu administration(27), a 

randomized prospective study did not document any impact of PK-guided Bu administration 

on relapses.(28) Recommendations on the use of PK-guided Bu were published previously by 

ASBMT.(29) 

Pre-transplant minimal/measurable residual disease (MRD) detected by different methods 

(multicolor flow cytometry (MFC), qPCR and/or next-generation sequencing (NGS)) clearly 

demonstrated significant unfavorable impact on relapse and survival in patients with AML.(30-

32) 

The aim of this study was to investigate impact of PK-guided (=individualized) Bu 

administration on relapses and survival in a homogeneous group of AML patients, focusing on 

pre-transplant MRD status assessed by multiparameter flow cytometry.  

 

Patients and Methods 

Study cohort 
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Adult (≥18 years) patients were included in this monocentric retrospective study if they had 

intermediate risk AML, fulfilled the criteria for CR at allo-SCT, underwent allo-SCT after Bu-

based myeloablative or reduced intensity conditioning and had available pre-transplant MFC-

MRD data. All patients received allo-SCT at the Department for Stem Cell Transplantation of 

University Cancer Center University of Hamburg in the period 01/2015 to 01/2022. We used 

the European Leukemia Net (ELN) criteria (2017) to assign disease-dependent risk.(33) 

Criteria for response to therapy were used as proposed by an International Working  

Group.(34) For further analysis we augmented the criteria of CR with MRD data. The MRD 

defined by flow cytometry were subdivided into MRD positive (≥0.1% aberrant myeloid blasts) 

and MRD negative (<0.1% aberrant myeloid blasts).(33) All patients consented in accordance 

with the Declaration of Helsinki. Follow-up was current as of February 15, 2022. 

 

Flow-cytometric detection of MRD 

Immunophenotypic analysis was done on whole bone marrow specimens after stain-lyse-wash 

standard techniques.(31) The eight-color based immunostaining analysis was performed 

according to ELN consensus recommendation.(35) Up to 2,000,000 events per tube 

(6,000,000 events per sample) were evaluated. All antibodies were obtained from Beckman-

Coulter (CA, USA) or Becton Dickinson (BD Biosciences, New Jersey, USA). Analysis of list 

mode files was performed using InfinicyteTM Flow Cytometry Software (Cytognos, Salamanca, 

Spain). The assessments were performed using the leukemia-associated phenotype (LAIP) 

and the “different from normal” strategy in combination. Following ELN guidelines, a threshold 

of 0.1% or  more of aberrant cells in the bone marrow was defining MRD positivity.(35) The 

sensitivity of our MFC-based approach was 10-4  –  10-5. 

 

Conditioning regimens and AUC measurement 

Patients received Bu-based myeloablative or reduced intensity conditioning.(36) The AUC 

goals were determined according to previously published studies.(37,38)  
Bu was administered i.v. over 3 hours with an initial dose of 3.2 mg/kg (based on AIBW in 

overweight patients) once daily. Four consecutive dosages were planned to achieve a 

cumulative area under the curve (AUC) of 80 mg*h/L for myeloablative Bu and 40-60 mg*h/L 

for RIC. Therapeutic drug monitoring (TDM) was done on the first or second day of application 

and the busulfan dose was adjusted based on the results. There was a 24 hours interval 

between the last Bu administration and graft transfusion. Levetiracetam was used as a seizure 

prophylaxis. 

Bu plasma levels were drawn according to a local sampling schedule at the times 5 min, 1 h, 

2 h and 3 h after the end of busulfan infusion, while the exact times of blood sampling were 

documented. Quantification took place at the Department of Legal Medicine at the University 
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Medical Centre Hamburg-Eppendorf using a validated gas chromatography with mass 

spectrometric detection (GC-MS) method. Subsequently, the model-based calculation of the 

AUC was carried out in the hospital pharmacy by means of Bayesian prediction based on a 

population pharmacokinetic model using pharmacokinetics software (MW-Pharm, Version 

3.60). If the calculated AUC was not within a target range of ± 10 % of the target AUC of 40, 

60 or 80 mg*h/l, the busulfan dose was adjusted accordingly. In the case of deviations of > 

25%, new level measurements and AUC calculations were carried out after the following dose 

and, if necessary, a repeated dose adjustment was made. The AUC in the fixed group was nor 

calculated. All patients received concomitant anticonvulsive prophylaxis with levetiracetam. 

 

Statistical analysis 

Unadjusted probabilities of overall survival (OS) and leukemia-free survival (LFS) were 

estimated by using the Kaplan-Meier and Cox regression methods. Probabilities of NRM and 

relapse were summarized by using cumulative incidence estimates. NRM was defined as 

death without relapse and was considered a competing risk for relapse, whereas relapse was 

a competing risk for NRM. The probability of developing acute (grade II-IV) GVHD and chronic 

GVHD was depicted by calculating the cumulative incidence with death without GVHD as a 

competing risk.  

Categorical characteristics were compared by Pearson’s or Fisher’s exact test. Continuous 

variables were compared using non-parametric Mann-Whitney test. Statistical analysis was 

performed with IBM SPSS Version 25 (SPSS, Inc.; Chicago, IL, USA) and R software (Version 

3.5.1 R Foundation, Vienna, Austria) with competing risks calculated using the package 

‘cmprsk’ (http://CRAN.R-project.org/package=cmprsk).  

 

Results 
Patients’ characteristics 

The characteristics of the study population are summarized in Table1. Eight y-seven patients 

with intermediate-risk AML (male, n=48) with a median age of 51 years (range, 21-73) were 

included. There were significantly more females and sex mismatched allografts in the 

individualized group of patients. The allografts were performed in the majority of cases from 

matched unrelated donors after myeloablative conditioning (MAC). Conditioning was based on 

a combination of Bu with fludarabine (Flu) in most of the patients. Before allogeneic 

transplantation, flow cytometry revealed MRD negativity in 43 patients (49%), whereas 44 

(51%) were MRD positive. Fifty-five patients (63%) received non-PK-guided (=”fixed”; 12.8 

mg/kg bw iv, n=33; 9.6 mg/kg bw iv, n=13, 6.4 mg/kg bw iv, n=9) Bu dosage, while 32 patients 

received PK-guided (=”individualized”; AUC80, n=27, AUC60, n=4, AUC40, n=1) Bu dosage. 

The median achieved AUC was 75.7. mg*h/L (36.2-87.1). In the individualized group, Bu 
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dosage was adjusted in 25 of 32 patients: increased in 18/25 (72%) or decreased in 7/25 

(28%).  

 

Conditioning regimens 
Of the 55 patients from fixed group, 33 (60%) received Bu in combination with 

cyclophosphamide (Cy, n=2, cumulative Bu dosage 12.8 mg/kg bw i.v.; cumulative Cy dosage, 

120 mg/kg bw i.v.) or Flu (n=31; cumulative Bu dosage 12.8 mg/kg bw i.v., n=30; cumulative 

Bu dosage 9.6 mg/kg bw i.v., n=1; cumulative Flu dosage 150 mg/m2 i.v.), whereas 18 (33%) 

patients received Bu (cumulative Bu dosage 9.6 mg/kg i.v., n=12; cumulative Bu dosage 6.4 

mg/kg, n=6) in combination with thiotepa (cumulative dosage, 10 mg/kg i.v.). Flu (cumulative 

dosage 150 mg/m2 i.v.) was added to thiotepa and Bu in case of mismatched or haploidentical 

donors. Four (7%) patients received Bu in combination with FLAMSA-protocol (cumulative Bu 

dosage 12.8 mg/kg i.v., n=1; cumulative Bu dosage 6.4 mg/kg i.v., n=3; Flu).(39) ATG-

Fresenius (Grafalon) as immunosuppression was used in 42 patients (cumulative dosage 15-

30 mg/kg i.v.), while 12 patients received post-transplant Cy (cumulative dosage 100 mg/kg 

i.v.). One patient received both due to persistence of anti-donor antibodies.  

Of the 32 patients from the individualized group, 27 (84%) received Bu in combination with 

fludarabine (cumulative Bu AUC80 i.v., n=25; cumulative Bu AUC60 i.v., n=2; cumulative Flu 

dosage 150 mg/m2 i.v.); one (3%) patient received Bu (cumulative Bu AUC60 i.v.) in 

combination with thiotepa (cumulative dosage, 10 mg/kg i.v.) and Flu (cumulative dosage 150 

mg/m2 i.v.) and four (13%) patients in combination with FLAMSA-protocol (cumulative Bu 

AUC80 i.v., n=2; cumulative Bu AUC60, n=1, cumulative Bu AUC40, n=1). ATG as 

immunosuppression was used in 27 (84%) patients (cumulative dosage 15-30 mg/kg i.v.), 

while 5 (16%) patients received post-transplant Cy (cumulative dosage 100 mg/kg i.v.).  

Flu was given as a single dose of 30mg/m2 i.v. over 30 min on 5 consecutive days. There was 

a 48 hours interval between the last Flu administration and graft transfusion. Thiotepa was 

given as a single dosage of 5mg/kg bw i.v. over 30 min on two consecutive days immediately 

before Bu. Cyclophosphamide was given as single dosage of 60mg/kg bw i.v. over 1 hour on 

two consecutive days 24 hours later after the last Bu administration and 24 hours before the 

graft transfusion. Urometixan was used for prevention of haemorrhagic cystitis. ATG-Fresenius 

(Grafalon) was given on four consecutive days (-4, -3, -2 and -1) over 12 hours starting with 

200mg absolute on the day -4. Post-transplant cyclophosphamide as GvHD prophylaxis was 

given as single dosage of 50mg/kg i.v. over 1 hour on two consecutive days (+3 and +4).Pre-

transplant MRD positive patients from individualized group received rather thiotepa-based 

conditioning than those from the fixed Bu group (Table 1S).  

 

Engraftment 
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All but 2 patients (n=85/87; 98%) showed successful engraftment  (leukocytes: median day 11 

(8-23); platelets: day 12 (7-117)). Two patients (both from the fixed Bu group) developed graft 

failure and subsequently underwent a second allograft. There were no differences in the timing 

of leukocyte and thrombocyte engraftment between fixed and individualized groups. 

 

Relapse, NRM, LFS and OS for all patients 

After a median follow up of 33.5 months (2-60) there were 18 deaths, 20 relapses and seven 

NRM events. The relapses and NRM at 3 years were 26% (18-37%) and 9% (5-17%), 

respectively. The 3-year OS and LFS were 76% (65-84%) and 65% (55-95%). The results of 

univariate analysis are represented in Table 2. In the multivariate analysis (Table 3), we 

observed an independent significant unfavorable impact of fixed vs individualized Bu 

administration on relapses (HR 3.6, 1.1-11, p=0.033), LFS (HR 3.6 1.3-10.6, p=0.018) and OS 

(HR 4.6, 1.1-20.5, p=0.044) (Fig.1a-c). The median AUC level (≤923 ng/ml or >923 ng/ml) did 

not have any impact on survival outcomes. Concerning all patients, thiotepa-based 

conditioning did not have any impact on 3-year LFS (72%, 46-89% vs 67%, 55-78%, p=0.93) 

and 3-year OS (80%, 56-93% vs 78%, 67-86%, p=0.97) compared to other regimens. 

In the multivariate analysis, fixed Bu administration had a significant unfavorable impact on OS 

(HR 4.6, 95% CI: 1.1-20.5, p=0.044), LFS (HR 3.6, 95% CI: 1.3-10.6, p=0.018) and relapses 

(HR 3.6, 95% CI: 1.1-11, p=0.033). Further, we observed a significant favorable impact of pre-

transplant MRD negativity on LFS (HR 0.4, 95% CI: 0.2-0.9, p=0.031) and relapses (HR 0.2, 

95% CI: 0.1-0.7, p=0.007). 

 

Relapse, NRM, LFS and OS for pre-transplant MRD positive patients 

After a median follow up of 30 months (2-59) there were 12 deaths, 26 relapses and three 

NRM events. The relapses and NRM at 3 years were 42% (26-60%) and 7% (2-19%), 

respectively. The 3-year OS and LFS were 67% (50-80%) and 51% (34-68%). The results of 

univariate analysis are represented in the Table 2S. We observed a significant unfavorable 

impact of fixed Bu administration on LFS (3.6, 1.1-12.6, p=0.041), but not on OS and relapse 

rate. Due to low number of events the multivariate analysis was not performed. 

 

Relapse, NRM, LFS and OS for pre-transplant MRD negative patients 

After a median follow up of 34 months (5-61) there were six deaths, four relapses and four 

NRM events. The relapses and NRM at 3 years were 11% (5-25%) and 10% (4-24%), 

respectively. The 3-year OS and LFS were 84% (69-93%) and 79% (63-89%). The results of 

univariate analysis are represented in the Table 2S. We observed no significant impact of fixed 

Bu administration on relapses, LFS and OS. Due to low number of events the multivariate 

analysis was not performed. 
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Safety 

The NRM at 1 year rates did not differ significantly between fixed (10%, 95% CI: 4-20%) and 

individualized (4%, 95% CI: 1-20%, p=0.22) groups. Seventy-nine of 87 (91%) patients 

developed mucositis (grade 1, n=3; grade 2, n=37; grade 3, n=38; grade 4, n=1). Sixty-seven 

(77%) patients developed infections, sepsis was documented in five (6%) patients. Hepatic 

sinusoidal obstructive syndrome (SOS) developed in two patients (both late onset); both 

patients received fixed dosage of Bu. Seizures were documented in two patients (fixed, n=1; 

individualized, n=1). Late onset lung fibrosis was documented in one patient after 

individualized Bu administration. We did not observe any correlation between individualized 

Bu concentrations and rates of the mentioned complications. 

 

Graft versus host disease 

The incidence of acute severe (grade II-IV) GvHD at 1 year was 13% (7-23%). The rates of 

acute GvHD did not differ significantly between pre-transplant MRD positive (7%, 2-22%) and 

MRD negative patients (19%, 10-33%, p=0.10). The rates of acute GvHD did not differ 

significantly between individualized (13%, 5-29%) and fixed groups (13%, 6-26%, p=0.99). 

The incidence of chronic GvHD at 3 year was 48% (39-58%). The rates of chronic GvHD did 

not differ significantly between pre-transplant MRD positive (36%, 22-52%) and MRD negative 

patients (60%, 44-74%, p=0.09). The rates of chronic GvHD did not differ significantly between 

individualized (51%, 33-69%; mild, n=7, moderate, n=10, severe, n=1) and fixed groups (47%, 

34-60%; mild, n=10, moderate, n=7, severe, n=3; p=0.57). 

 

Outcomes for patients after BuFlu conditioning according to Bu administration 

We performed a separate analysis for the patients (n=60) who received allografts after 

myeloablative conditioning with BuFlu. Both patients who received BuCy were also included 

into the analysis. Of all patients, 27 received individualized Bu (pre-transplant MRD positive, 

n=14; pre-transplant MRD negative, n=13) and 33 received fixed Bu (pre-transplant MRD 

positive, n=12; pre-transplant MRD negative, n=21). The patients’ characteristics were not 

different between both groups (Table 3S). Engraftment of leukocytes (individualized: median 

11 (10-23) vs fixed: median 12 (8-22), p=0.72) and platelets (individualized: median 11 (8-83) 

vs fixed: median 12 (7-117), p=0.44) was not significantly different between both groups. One 

patient who received fixed Bu dosage and was pre-transplant MRD negative developed graft 

failure und underwent second allo-SCT. The frequency of adverse events was similar between 

both groups. Late-onset SOS developed in two patients from the fixed group.  

The 3-year OS, LFS, relapses and NRM were 75% (95% CI: 62-85%), 65% (95% CI: 51-77%), 

21% (95% CI: 12-34%) and 10% (95% CI: 5-21%), respectively. In the univariate analysis, 
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fixed Bu administration was associated with significant unfavourable impact on OS (HR 4.8, 

95% CI: 1.1-22, p=0.04), LFS (HR 3.5, 95% CI: 1.2-11, p=0.025), but not on relapses (HR 2.8, 

95% CI: 0.8-19, p=0.12) and NRM (HR 1.1, 95% CI: 0.5-34, p=0.18). The multivariate analysis 

were not performed due low event number. 

 

Discussion 
Busulfan is one of the drugs that has been using widely as part of conditioning in the setting of 

allo-SCT since many years due to its myeloablative potential. Several studies showed that 

individualized, pharmacokinetic-based administration can improve post-transplant outcomes 

due to decreased risk of graft failure and low NRM also in older patients.(18;26) However, the 

role of individualized Bu administration regarding the relapse risk still remains unclear.  

In this study, we compared individualized and fixed Bu administration strategies in patients 

with intermediate risk AML who achieved CR prior to allo-SCT and reported improved survival 

due to lower relapse risk in the individualized group. Moreover, this impact may be stronger in 

the pre-transplant flow-MRD positive patients. Further, we observed improved 3-year OS and 

LFS after individualized Bu administration in patients who received Bu/Flu as a myeloablative 

conditioning. The goal AUC level after standard myeloablative in our study was 80 mg*h/L.  

Increased cumulative Bu dosage was reported to improve survival in AML and MDS patients 

in myeloablative(40;41) but not in reduced-intensity settings.(40;42) Further, use of 

individualized Bu administration in patients with hematologic malignancies is associated with 

better engraftment in children, lower hepatotoxicity in adults and lower relapse risk in patients 

with CML.(18;19;21) Thus, individualized Bu administration results in lower NRM resulted in 

improved OS and LFS in patients with AML/MDS and ALL after MAC.(43;44;45) On the other 

hand, the role of individualized Bu administration regarding the post-transplant relapses 

remains unclear. The majority of published studies did not show any differences in post-

transplant relapse rate after intravenous vs oral Bu administration.(46;47;48) However, a 

CIBMTR study showed lower  relapse rate (>1 year post-transplant) in patients with AML 

transplanted in first CR after intravenous comparing to oral Bu administration. Unfortunately, 

this study reported no data on pharmacokinetics.(27) A randomized study published by Popat 

et al. showed no difference in NRM in two groups of transplanted patients with different 

hematologic malignancies after having achieved “lower” (65.7 mg*h/L) or “higher” (82.1 

mg*h/L) cumulative Bu AUC level. Additionally, the authors found no difference in relapses and 

survival between both groups. The NRM in this study was higher than in our study (20% vs 

9%) and 70% of included patients experienced relapsed/refractory disease prior to allo-

SCT.(26) This can render the interpretation of the cited study concerning the role of higher Bu 

exposure in post-transplant disease control difficult. 
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Furthermore, Andersson et al. published results of a prospective randomized study where 

post-transplant outcomes were compared between individualized and fixed Bu administration 

after MAC (BuFlu and ATG) in patients with AML/MDS. The patients had different remission 

status before allo-SCT, including relapsed/refractory patients (48%). Individualized Bu 

administration was associated with significantly better OS and PFS in all patients with a trend 

to improved TRM in the PK-guided group. According to the remission status, this difference 

was seen in patients with non-CR and not in those with CR prior to allograft. Though authors 

did not observed any significant impact of Bu administration on post-transplant relapses, the 

TRM in this study was around 20% which together with different pre-transplant remission status 

may mitigate the favorable impact of individualized Bu administration.(28)  

In the present study only AML patients with intermediate risk who achieved CR prior to allo-

SCT were included. The NRM was lower (9%) as compared to both randomized 

studies.(26;28) We suggest, that both low NRM and CR prior to allo-SCT allowed to see 

significant impact of individualized Bu administration on the relapse rates in all included 

patients. In contrast to the results of recently published FIGARO study, where augmented RIC 

conditioning could not improve survival outcomes of the pre-transplant MRD positive AML 

patients,(49) we showed significantly improved LFS in such patients, but not in MRD negative 

ones after individualized Bu administration. These results support the idea of the importance 

of intensive chemotherapy needed to eradicate residual disease in pre-transplant MRD 

positive patients.(50) To confirm this favorable impact on survival we performed a separate 

analysis where we excluded patients who received RIC (11%) and those transplanted after 

thiotepa-based conditioning.(51;52) Here, we showed a significantly favorable impact of 

individualized Bu administration on OS and PFS, but not on relapses and NRM probably due 

to the lower number of patients. 

In the majority of patients who received individualized Bu administration the Bu dosage was 

increased, suggesting that the fixed group showed probably lower Bu serum levels. Despite 

this, in line with Anderson et al., we found no difference in NRM between both groups.(28) We 

suggest, that optimized Bu exposure together with low NRM was associated with lower 

relapses in the individualized group. This suggestion may be supported by the observation, 

that the rate of MRD conversion on day +100 was higher after increased Bu dosage which was 

associated with significantly higher AUC level compared to the “decreased/no change” group. 

Moreover, low Bu exposure in the fixed group may have led to graft failure.  

Whether there is an association between Bu exposure and development of acute GvHD is 

controversial.(53;27) In line with a randomized study performed by Andersson et al., we did 

not observe any difference in rates of acute GvHD regarding the individualized or fixed Bu 

administration.(28) 
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In conclusion, this study is the first analyzing the role of individualized Bu administration in a 

homogeneous patients’ population characterized by intermediate risk AML patients who 

achieved CR prior to allo-SCT. The use of individualized Bu administration can improve the 

OS for AML patients with intermediate risk transplanted in complete remission due to 

decreased relapse risk. This impact may be more pronounced in  pre-transplant MRD positive 

patients. A randomized prospective study to evaluate impact of individualized Bu 

administration on relapses and survival outcomes in larger cohort of patients focusing on MRD 

studies is warranted. 
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Figure  1.  Outcomes  for  patients  according  to Bu administration in 87 patients with 
intermediate risk AML:  a)  overall  survival  (OS);  b)  leukemia-free  survival  (LFS);  c)  
relapses  and  non-relapsed  mortality  (NRM). 
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Tables 

Table 1. Patient’s characteristics 

Characteristic fixed Bu, n=55 target Bu, n=32 P 
Patient’s sex 
male 
female 

 
36 (66%) 
19 (34%) 

 
12 (38%) 
20 (62%) 

0.01 

Patient/Donor sex constellation: 
match 
mismatch 

 
39 (71%) 
16 (29%) 

 
16 (50%) 
16 (50%) 

0.043 

Patient’s age (median, range) 51 (21-73) 56 (31-72) 0.67 
Origin of disease 
de novo 
sAML/tAML 

 
43 (78%) 
12 (22%) 

 
24 (75%) 
8 (25%) 

0.47 

Remission status 
1.CR 
2.CR 
CRi 

 
40 (73%) 
7 (13%) 
8 (14%) 

 
23 (72%) 
2 (6%) 
7 (22%) 

0.48 

Cytogenetics at diagnosis: 
normal 
abnormal 
n.a. 

 
27 (51%) 
26 (49%) 

 
19 (61%) 
12 (39%) 
1 

0.25 

Previous therapy: 
Chemotherapy 
Chemotherapy and TKIs 
Hypomethylating agents 
Venetoclax-based 

 
37 (69%) 
10 (18%) 
5 (9%) 
2 (3%) 

 
27 (84%) 
4 (12%) 
- 
1 (3%) 

0.25 

Donor type: 
MRD 
MUD 
MMUD 
Haploidentical/cord blood 

 
12 (22%) 
23 (42%) 
13 (23%) 
7 (12%) 

 
8 (25%) 
18 (56%) 
4 (13%) 
2 (6%) 

0.38 

CMV status (P): 
neg 
pos 

 
17 (31%) 
38 (69%) 

 
12 (38%) 
20 (62%) 

0.35 

CMV  reactivation 25 (46%) 14 (44%) 0.53 
Conditioning: 
MAC 
RIC 
 
Bu/Cy or Bu/Flu 
Thiotepa/Bu/Flu 
FLAMSA/Bu 
 
planned Bu AUC, median (range) 
achieved Bu AUC, median (range) 

 
46 (84%) 
9 (16%) 
 
33 (60%) 
18 (33%) 
4 (7%) 
 
- 
- 

 
31 (97%) 
1 (3%) 
 
27 (84%) 
1 (3%) 
4 (13%) 
 
55.6 (28-71) 
74.4 (36.2-87.1) 

0.06 
 
 
0.14 

Immunosuppression 
ATG 
post-Cy 

 
42 (78%) 
12 (22%) 

 
27 (84%) 
5 (16%) 

0.33 

MRD at allo-SCT: 
negative 
positive 

 
26 (47%) 
29 (53%) 

 
17 (53%) 
15 (47%) 

0.38 

Engraftment (median, range) 
Leukocytes 
Platelets 

 
11 (8-23) 
12 (7-117) 

 
11 (10-23) 
11 (8-83) 

 
0.86 
0.34 

Mucositis 
no 
grade 1 
grade 2 
grade 3 
grade 4 
 
median (range) 

 
6 (11%) 
1 (2%) 
24 (49%) 
23 (47%) 
1 (2%) 
 
2 (1-4) 

 
2 (6%) 
2 (7%) 
13 (43%) 
15 (50%) 
- 
 
3 (1-3) 

0.61 
 
 
 
 
 
0.84 

VOD 
yes 

 
2 (4%) 

 
- 

0.40 
 

Infections 
yes 

 
44 (80%) 

 
23 (72%) 

0.27 

Sepsis 
yes 

 
2 (4%) 

 
3 (9%) 

0.26 

Other: 
graft failure 
seizures 
hyperbilirubinemia* 
lung fibrosis 

3 (6%) 
2 
1 
. 
. 

5 (16%) 
- 
1 
3 
1 

0.12 

* without VOD criteria 

 16000609, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejh.13893 by U

niversität B
ern, W

iley O
nline L

ibrary on [07/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Table 2. Results of univariate analysis (n=87) 

Characteristic OS LFS RI NRM 
Patient’s sex 
male vs female 

 
3.5 (1.1-10.6), p=0.028 

 
2.9 (1.2-6.7), p=0.017 

 
2.8 (1.01-7.5), p=0.047 

 
2.2 (0.4-10.6), p=0.35 

Patient/Donor sex constellation: 
match vs mismatch 

 
1.6 (0.6-4.6), p=0.36 

 
1.8 (0.8-4.3), p=0.18 

  

Patient’s age (median, range) 1.03 (0.99-1.1), p=0.12 1.0 (0.97-1.0), p=0.91   
Origin of disease 
de novo vs sAML/tAML 

 
1.1 (0.4-3.3), p=0.87 

 
1.1 (0.45-2.8), p=0.81 

  

Remission status 
1.CR vs CRi 
2.CR vs CRi 

                            p=0.61 
1.4 (0.3-6.4), p=0.63 
2.4 (0.4-14.2), p=0.35 

                            p=0.66 
1.1 (0.4-3.3), p=0.85 
1.8 (0.4-7.1), p=0.42 

  

Cytogenetics at diagnosis: 
normal vs abnormal 

 
0.46 (0.2-1.2), p=0.11 

 
1.2 (0.6-2.5), p=0.68 

 
 

 

Donor type: 
MUD vs MRD 
MMUD vs MRD 
Haploidentical vs MRD 
 
matched vs mismatched 

                          p=0.038 
0.7 (0.2-3.0), p=0.64 
3.1 (0.8-12), p=0.10 
3.4 (0.7-17), p=0.14 
 
0.25 (0.1-0.6), p=0.004 

                          p=0.008 
0.7 (0.2-2.3), p=0.60 
3.3 (1.1-9.7), p=0.029 
2.5 (0.7-9.2), p=0.18 
 
0.3 (0.1-0.6), p=0.001 

                          p=0.044 
0.7 (0.2-2.3), p=0.55 
3.1 (0.9-10), p=0.065 
1.2 (0.2-5.8), p=0.85 
 
0.3 (0.1-0.8), p=0.014 

                            p=0.26 
0.9 (0.1-9.9), p=0.96 
2.4 (0.2-25), p=0.46 
5.6 (0.5-62), p=0.15 
 
0.3 (0.1-1.2), p=0.09 

CMV status (P): 
neg vs pos 

 
0.8 (0.3-2.1), p=0.59 

 
0.96 (0.4-2.1), p=0.92 

  

Conditioning: 
MAC vs RIC 
 
fixed vs individualized Bu 

 
0.3 (0.1-0.9), p=0.037 
 
5.8 (1.3-25), p=0.02 

 
0.4 (0.2-1.1), p=0.069 
 
4.2 (1.5-12), p=0.008 

 
0.4 (0.1-1.1), p=0.07 
 
3.8 (1.1-12.6), p=0.031 

 
1.2 (0.1-5.4), p=0.68 
 
3.7 (0.5-28), p=0.21 

Immunosuppression 
ATG vs post-Cy 

 
0.6 (0.2-1.8), p=0.34 

 
0.86 (0.3-2.3), p=0.77 

 
 

 

MRD at allo-SCT: 
negative vs positive 

 
0.5 (0.2-1.3), p=0.13 

 
0.4 (0.2-0.8), p=0.018 

 
0.2 (0.1-0.7), p=0.006 

 
1.4 (0.3-6.1), p=0.65 

CMV reactivation 
no vs yes 

 
0.5 (0.2-1.2), p=0.10 

 
0.5 (0.2-1.1), p=0.09 

 
0.5 (0.2-1.3), p=0.14 

 
0.6 (0.2-2.8). p=0.55 
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Table 3. Results of multivariate analysis. 

Factor OS LFS Relapses 
Patients’ sex 
male vs female 

 
2.7 (0.9-8.2), 0.089 

 
- 

 
- 

Donor type: 
matched vs mismatched 

 
- 

 
0.3 (0.2-0.7), 0.004 

 
- 

Conditioning: 
Non-AUC vs AUC 

 
4.6 (1.1-20.5), 0.044 

 
3.6 (1.3-10.6), 0.018 

 
3.6 (1.1-11), 0.033 

Pre-transplant MRD: 
neg vs pos 

 
- 

 
0.4 (0.2-0.9), 0.031 

 
0.2 (0.1-0.7), 0.007 
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Supplemental files 

Table 1S. Patient’s characteristics according to pre-transplant MRD status. 

Characteristic MRD negative (n=43) MRD positive (n=44) 
Non-AUC (n=26) AUC (n=17) p Non-AUC (n=29) AUC (n=15) p 

Patient’s sex 
male 
female 

 
16 (62%) 
10 (38%) 

 
7 (41%) 
10 (59%) 

0.16  
20 (69%) 
9 (31%) 

 
5 (33%) 
10 (67%) 

0.026 

Patient/Donor sex constellation: 
match 
mismatch 

 
21 (81%) 
5 (19%) 

 
9 (53%) 
8 (47%) 

0.06  
18 (62%) 
11 (38%) 

 
7 (47%) 
8 (53%) 

0.26 

Patient’s age (median, range)  
50 (29-70) 

 
59 (31-68) 

0.34  
53 (21-73) 

 
53 (31-72) 

0.68 

Origin of disease 
de novo 
sAML/tAML 

 
21 (81%) 
5 (19%) 

 
14 (82%) 
3 (18%) 

0.61  
22 (76%) 
7 (24%) 

 
10 (67%) 
5 (33%) 

0.38 

Remission status 
1.CR 
2.CR 
CRi 

 
22 (85%) 
1 (4%) 
3 (11%) 

 
13 (77%) 
- 
4 (23%) 

0.43  
18 (62%) 
6 (21%) 
5 (17%) 

 
10 (67%) 
2 (13%) 
3 (20%) 

0.83 

Cytogenetics at diagnosis: 
normal 
abnormal 
n.a. 

 
11 (46%) 
13 (54%) 
2 

 
12 (75%) 
4 (25%) 
1 

0.07  
16 (55%) 
13 (45%) 

 
7 (46%) 
8 (53%) 

0.41 

Previous therapy: 
Chemotherapy 
Chemotherapy and TKIs 
Hypomethylating agents 
Venetoclax-based 

 
14 (56%) 
9 (32%) 
2 (8%) 
1 (4%) 

 
14 (82%) 
3 (18%) 
- 
- 

0.27  
23 (79%) 
2 (7%) 
3 (10%) 
1 (3%) 

 
13 (86%) 
1 (7%) 
- 
1 (7%) 

0.61 

Donor type: 
MRD 
MUD 
MMUD 
Haploidentical/cord blood 

 
4 (15%) 
13 (50%) 
7 (27%) 
2 (8%) 

 
4 (23%) 
10 (58%) 
2 (12%) 
1 (6%) 

0.64  
8 (28%) 
10 (35%) 
6 (21%) 
5 (17%) 

 
4 (27%) 
8 (53%) 
2 (13%) 
1 (7%) 

0.58 

CMV status (P): 
neg 
pos 

 
8 (31%) 
18 (69%) 

 
4 (24%) 
13 (76%) 

0.44  
9 (31%) 
20 (69%) 

 
8 (53%) 
7 (47%) 

0.13 

CMV  reactivation 11 (42%) 7 (41%) 0.60 14 (48%) 7 (47%) 0.59 
Conditioning: 
MAC 
RIC 
 
Bu/Cy or Bu/Flu 
Thiotepa/Bu/Flu 
FLAMSA/Bu 

 
23 (89%) 
3 (11%) 
 
21 (92%) 
5 (8%) 
- 

 
17 (100%) 
- 
 
13 (76%) 
1 (6%) 
3 (18%) 

0.21 
 
 
0.24 

 
23 (79%) 
6 (21%) 
 
12 (41%) 
13 (45%) 
4 (14%) 

 
14 (93%) 
1 (7%) 
 
14 (93%) 
- 
1 (7%) 

0.23 
 
 
0.036 

Immunosuppression*   0.14   0.49 
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ATG 
post-Cy 
both* 

20 (77%) 
6 (23%) 
- 

16 (94%) 
1 (6%) 
- 

22 (79%) 
6 (21%) 
1 

11 (73%) 
4 (27%) 
- 

Engraftment (median, range) 
Leukocytes 
Platelets 

 
12 (8-23) 
12 (9-117) 

 
11 (10-23) 
8 (8-83) 

 
0.18 
0.84 

 
11 (9-22) 
13 (7-34) 

 
12 (10-18) 
11 (10-25) 

 
0.39 
0.21 

Mucositis 
no 
grade 1 
grade 2 
grade 3 
grade 4 
 
median (range) 

 
2 (8%) 
1 (4%) 
13 (50%) 
10 (39%) 
- 
 
2 (0-3) 

 
1 (5%) 
1 (5%) 
8 (42%) 
9 (47%) 
- 
 
3 (0-3) 

0.77 
 
 
 
 
 
0.44 

 
4 (14%) 
- 
11 (38%) 
13 (45%) 
1 (3%) 
 
2 (0-4) 

 
1 (7%) 
1 (7%) 
7 (47%) 
6 (40%) 
- 
 
2 (0-3) 

0.54 
 
 
 
 
 
0.67 

VOD 
yes 

 
2 (8%) 

 
- 

0.36  
- 

 
- 

 

Infections 
yes 

 
20 (77%) 

 
12 (71%) 

0.45  
24 (83%) 

 
11 (73%) 

0.36 

Sepsis 
yes 

 
2 (8%) 

 
1 (6%) 

0.66  
- 

 
2 (13%) 

0.11 

Other: 
graft failure 
seizures 
hyperbilirubinemia** 
lung fibrosis 

 
1 
- 
- 
- 

 
- 
1 
- 
1 

0.41  
- 
1 
- 
- 

 
- 
- 
2 
- 

0.44 
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Table S2. Results of univariate analysis according to pre-transplant MRD status. 
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Characteristic OS LFS RI NRM 
Pre-transplant MRD positive (n=44) 

Patient’s sex 
male vs female 

 
5.1 (1.1-23), p=0.037 

 
2.7 (0.97-7.5), p=0.06 

 
1.9 (0.7-5), p=0.22 

 
- 

Patient/Donor sex constellation: 
match vs mismatch 

 
2.6 (0.7-9.6), p=0.16 

 
2.5 (0.9-7.1), p=0.07 

 
2.6 (0.9-7.4), p=0.08 

 
1.4 (0.1-14), p=0.80 

Patient’s age (median, range) 1.1 (1.0-1.1), p=0.032 1.0 (0.98-1.1), p=0.52 - - 
Origin of disease 
de novo vs sAML/tAML 

 
0.75 (0.2-2.5), p=0.64 

 
0.8 (0.3-2.2), p=0.70 

 
- 

 
- 

Remission status 
1.CR vs CRi 
2.CR vs CRi 

                               p=0.98 
1.1 (0.2-5.1), p=0.93 
0.9 (0.1-6.5), p=0.93 

                               p=0.84 
1.4 (0.4-4.8), p=0.62 
1.1 (0.2-5.3), p=0.94 

 
- 
- 

 
- 
- 

Cytogenetics at diagnosis: 
normal vs abnormal 

 
0.5 (0.2-1.6), p=0.23 

 
0.9 (0.4-2.3), p=0.89 

 
- 

 
- 

Donor type: 
MUD vs MRD 
MMUD vs MRD 
Haploidentical vs MRD 

                             p=0.099 
0.98 (0.2-5.9), p=0.98 
4.8 (0.9-25), p=0.06 
2.5 (0.4-17.5), p=0.37 

                             p=0.094 
1.2 (0.3-4.2), p=0.80 
4.1 (1.1-15), p=0.03 
1.8 (0.4-8), p=0.45 

                                   p=0.28 
0.93 (0.3-1), p=0.91 
3.2 (0.8-12.8), p=0.10 
0.99 (0.2-4.7), p=0.99 

 
- 
- 
- 

CMV status (P): 
neg vs pos 

 
0.8 (0.3-2.7), p=0.72 

 
0.8 (0.3-2.1), p=0.71 

 
- 

 
- 

Conditioning: 
MAC vs RIC 
 
Non-AUC vs AUC 

 
0.3 (0.1-0.98), p=0.047 
 
7.1 (0.9-55), p=0.06 

 
0.4 (0.1-1.1), p=0.086 
 
3.6 (1.1-12.6), p=0.041 

 
0.5 (0.2-1.4), p=0.17 
 
2.7 (0.8-8.9), p=0.11 

 
0.3 (0.03-3.7), p=0.38 
 
- 

Immunosuppression 
ATG vs post-Cy 

 
0.6 (0.2-2.2), p=0.46 

 
0.9 (0.3-2.8), p=0.88 

 
- 

 
- 

CMV reactivation 
no vs yes 

 
0.7 (0.2-2.3), p=0.58 

 
0.7 (0.3-1.8), p=0.50 

 
- 

 
- 

Pre-transplant MRD negative (n=43) 
Patient’s sex 
male vs female 

 
1.9 (0.4-10.5), 0.45 

 
3.1 (0.6-15), 0.17 

 
- 

 
1.0 (0.2-7), 0.99 

Patient/Donor sex constellation: 
match vs mismatch 

 
0.9 (0.2-5), 0.93 

 
1.4 (0.3-7.0), 0.68 

 
- 

 
- 

Patient’s age (median, range) 0.98 (0.9-1.1), 0.59 0.98 (0.9-1.0), 0.40 - - 
Origin of disease 
de novo vs sAML/tAML 

 
- 

 
- 

 
- 

 
- 

Remission status 
1.CR vs CRi 
2.CR vs CRi 

- 
 

- - - 

Cytogenetics at diagnosis: 
normal vs abnormal 

 
0.4 (0.1-2), 0.23 

 
0.7 (0.2-2.9), 0.65 

 
- 

 
- 

Donor type: 
MUD vs MRD 
MMUD vs MRD 
Haploidentical vs MRD 

0.21 
0.6 (0.1-6.5), 0.66 
1.9 (0.2-21), 0.61 
10 (0.5-200), 0.099 

0.09 
0.6 (0.1-6.2), 0.63 
4.0 (0.5-37), 0.21 
5.7 (0.3-94), 0.23 

 
- 
- 
- 

 
- 
- 
- 

CMV status (P): 
neg vs pos 

 
0.5 (0.1-4.4), 0.55 

 
0.8 (0.2-4), 0.80 

 
- 

 
- 
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Conditioning: 
MAC vs RIC 
 
Non-AUC vs AUC 
 
Bu/Cy or Bu/Flu vs others 

 
- 
 
3.8 (0.5-32), 0.22 
 
-  

 
- 
 
5.4 (0.7-43), 0.12 
 
- 

 
- 
 
- 
 
- 

 
- 
 
- 
 
- 

Immunosuppression 
ATG vs post-Cy 

 
0.7 (0.1-5.9), 0.72 

 
1.1 (0.1-8.9), 0.94 

 
- 

 
- 

CMV reactivation 
no vs yes 

 
0.2 (0.02-1.3), 0.09 

 
0.2 (0.1-1.2), 0.08 

 
1.2 (0.03-2.7), 0.27 

 
0.3 (0.03-2.6), 0.26 
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Table 3S. Patient’s characteristics according to of patients who received BuFlu only (n=60). 

Characteristic Non-AUC (n=33) AUC (n=27) p 
Patient’s sex 
male 
female 

 
21 (64%) 
12 (36%) 

 
11 (41%) 
16 (59%) 

0.065 

Patient/Donor sex constellation: 
match 
mismatch 

 
26 (79%) 
7 (21%) 

 
15 (45%) 
12 (55%) 

0.05 

Patient’s age (median, range) 49 (27-73) 56 (31-72) 0.31 
Origin of disease 
de novo 
sAML/tAML 

 
29 (88%) 
4 (12%) 

 
22 (81%) 
5 (19%) 

0.37 

Remission status 
1.CR 
2.CR 
CRi 

 
28 (85%) 
2 (6%) 
3 (9%) 

 
19 (70%) 
2 (7%) 
6 (23%) 

0.34 

Cytogenetics at diagnosis: 
normal 
abnormal 
n.a. 

 
15 (45%) 
17 (52%) 
1 (3%) 

 
16 (59%) 
10 (37%) 
1 (4%) 

0.20 

Previous therapy: 
Chemotherapy 
Chemotherapy and TKIs 
Hypomethylating agents 
Venetoclax-based 

 
23 (70%) 
8 (24%) 
2 (6%) 
- 

 
23 (85%) 
3 (11%) 
- 
1 (4%) 

0.19 

Pre-transplant MRD: 
neg 
pos 

 
21 (64%) 
12 (36%) 

 
13 (48%) 
14 (52%) 

0.17 

AUC: 
planned Bu AUC, median (range) 
achieved Bu AUC, median (range) 

 
- 
- 

 
65.7 (39.6-145.5) 
77.8 (49.4-81.9) 

 

Donor type: 
MRD 
MUD 
MMUD 
Haploidentical/cord blood 

 
6 (18%) 
16 (48%) 
9 (27%) 
2 (6%) 

 
8 (30%) 
14 (52%) 
3 (11%) 
2 (7%) 

0.42 

CMV status (P): 
neg 
pos 

 
13 (39%) 
20 (61%) 

 
11 (41%) 
16 (59%) 

0.56 

CMV  reactivation 16 (48%) 12 (44%) 0.48 
Immunosuppression 
ATG 
post-Cy 

 
28 (85%) 
5 (15%) 

 
22 (81%) 
5 (19%) 

0.50 

Engraftment (median, range) 
Leukocytes 
Platelets 

 
12 (8-22) 
12 (7-117) 

 
11 (10-23) 
11 (8-83) 

 
0.72 
0.44 
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Mucositis 
no 
grade 1 
grade 2 
grade 3 
grade 4 

 
1 (3%) 
1 (3%) 
16 (48%) 
14 (42%) 
1 (3%) 

 
1 (4%) 
1 (4%) 
11 (41%) 
14 (52%) 
- 

0.86 

VOD 
yes 

 
2 (6%) 

 
- 

0.30 

Infections 
yes 

 
24 (73%) 

 
20 (74%) 

0.57 

Sepsis 
yes 

 
2 (6%) 

 
3 (11%) 

0.40 

Other: 
graft failure 
seizures 
hyperbilirubinemia* 
lung fibrosis 

 
1 (3%) 
1 (3%) 
- 
- 

 
- 
1 (4%) 
2 (8%) 
1 (4%) 

0.41 

*without VOD criteria 
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