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Abstract

Total body irradiation (TBI) has been included in standard conditioning for acute lymphoblastic 

leukemia (ALL) before hematopoietic cell transplantation (HCT). Non-TBI regimens have 

incorporated busulfan (BU) to decrease toxicity. This retrospective study analyzed TBI and BU on 

outcomes of ALL patients aged 18-60 years, in first or second complete remission (CR), 

undergoing HLA-compatible sibling, related or unrelated donor HCT, reported to the Center for 

International Blood and Marrow Transplant Research from 2005 to 2014. TBI plus etoposide 

(25%) or cyclophosphamide (75%) was used in 819 patients, and intravenous BU plus fludarabine 

(41%), clofarabine (30%), cyclophosphamide (15%) or melphalan (13%) was used in 299. BU-

containing regimens were analyzed together, since no significant differences for patient outcomes 

were noted between them. BU patients were older, with better performance status, took longer to 

achieve CR1 and receive HCT, were treated more recently, and were more likely to receive 

peripheral blood grafts, anti-thymocyte globulin, and/or tyrosine kinase inhibitors. With median 

follow-up of 3.6 years for BU and 5.3 years for TBI, adjusted 3-year outcomes showed treatment-

related mortality BU 19% vs. TBI 25% (p=.04); relapse BU 37% vs. TBI 28% (p=.007); disease-

free survival (DFS) Bu 45% vs. TBI 48% (p=.35); and overall survival (OS) BU 57% vs. TBI 53% 

(p=.35). In multivariate analysis, BU patients had higher risk of relapse (RR 1.46, 95% C.I.

1.15-1.85, p=.002) compared with TBI patients. Despite the higher relapse, BU-containing 

conditioning led to similar OS and DFS following HCT for ALL.

Keywords

Allogeneic transplant; Acute lymphoblastic leukemia; Total body irradiation; Busulfan

INTRODUCTION

Total body irradiation (TBI)-based conditioning regimens are considered standard for 

patients undergoing allogeneic hematopoietic cell transplantation (HCT) for acute 

lymphoblastic leukemia (ALL), with expected survival rates of 50% to 60% in first complete 

remission (CR1)(1, 2). However, myeloablative doses of TBI are associated with 

considerable acute and long-term toxicity, treatment-related mortality (TRM) rates of 

20%-45% following HCT, and increased risk of secondary malignancy (2–4). In efforts to 

minimize toxicity, the combination of oral busulfan (BU) and cyclophosphamide (Cy) was 

developed for acute myeloid leukemia (AML) and later tested in ALL. Retrospective (5) and 

prospective studies (6) in children with ALL compared Cy-TBI with oral, typically non-

targeted BU and Cy and found that relapse rates were not statistically different between the 
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two groups, but TRM was increased with BU-Cy because of more veno-occlusive disease 

(VOD) and interstitial pneumonitis, and thus, survival was better with Cy-TBI.

Since these reports, the intravenous (i.v.) formulation of BU has been developed because of 

its more predictable pharmacokinetics, and it is increasingly used. Study results across 

different disease types show a better safety profile than the oral formulation (7, 8). 

Furthermore, pharmacokinetic (PK)-directed dosing of i.v. BU affords even greater safety 

(9–11) and efficacy (12). A recent Center for International Blood and Marrow Transplant 

Research (CIBMTR) multicenter cohort analysis in adult patients with AML receiving HCT 

following Cy-TBI or myeloablative, i.v. BU-based conditioning regimens found superior 

survival for the BU-based group (56% vs. 48%, p=.02)(13). Furthermore, Bartelink and 

colleagues recently reported on transplant outcomes for children undergoing HCT following 

i.v. BU-based conditioning. (14) Patients with optimized BU exposure had less risk for 

relapse and better event-free survival compared to those with very low or very high BU 

exposure, underscoring the importance of PK-directed, i.v. BU administration for improved 

clinical outcomes(14). Several phase II studies in adults have reported excellent transplant 

outcomes with i.v. BU combined with fludarabine (Flu)(15, 16) or clofarabine (Clo)(17) in 

patients receiving HCT for ALL. An updated analysis of MD Anderson data with BU-Clo 

transplant conditioning for ALL patients in CR1 (n=62) or CR2 (n=28) revealed 2-year 

overall survival (OS) rates of 70% and 57%, respectively (18). Thus, we compared the 

outcomes of adult patients with ALL who received allogeneic HCT after treatment with 

myeloablative TBI-based conditioning versus i.v. BU-based regimens reported to the 

CIBMTR.

METHODS

Data source

The CIBMTR is a working group of an estimated 504 transplant centers worldwide that 

collects detailed information on transplantation and outcomes. Data were collected at the 

Medical College of Wisconsin or through the National Marrow Donor Program. All patients 

whose data were included in this study provided institutional review board-approved consent 

to participate in the CIBMTR Research Database and have their data included in 

observational research studies. Data was collected from CIBMTR forms from 2005-2014. 

All of the TBI-based cases (n=819) and a minority of the BU-based cases (n=67) were 

selected from the CIBMTR database. The remaining BU-based cases (n=232) were from 

MD Anderson Cancer Center or the Moffitt Cancer Center, and 218 of these cases were 

identified in the CIBMTR TED database.

Patient selection

Adult patients, aged 18-60 years, with B- and T-lineage ALL undergoing a first bone 

marrow or peripheral blood allogeneic HLA-identical sibling or well matched unrelated 

donor (URD) HCT in first (CR1) or second (CR2) complete remission with myeloablative 

TBI- or BU- based conditioning were selected. Well-matched URD had no known mismatch 

at HLA-A, B, C, and DRB1, using criteria recommended by CIBMTR (19). Umbilical cord 

blood donors, mismatched related donors, and ex vivo T-cell-depleted grafts were excluded. 
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Preparative regimens were defined as myeloablative based on published consensus 

definitions (20). In patients receiving PK-guided BU, the dose was targeted to a daily area 

under the curve (AUC) of 4000-6000 umol/min which was considered myeloablative, and 

combined with either Flu, Clo, melphalan (Mel), or Cy. In the TBI group, the two most 

commonly used regimens of Cy-TBI or TBI plus etoposide were selected for the study.

Study objectives and definitions

The primary objective of this retrospective cohort, registry analysis was to test for 

equivalence in OS between patients treated with myelo-ablative TBI or BU-based 

conditioning regimens. Survival after HCT was defined as time from transplantation to 

death. Surviving patients were censored at time of last contact. Disease-free survival (DFS) 

was defined as time from transplant to treatment failure (death or relapse). Relapse was 

morphologically defined as >5% leukemic blasts as reported by the centers to the CIBMTR, 

and treatment related mortality (TRM) was considered a competing event. Treatment-related 

mortality was defined as death in remission, and relapse was considered a competing event. 

Acute graft-vs-host disease (aGVHD) was graded according to Consensus criteria (21) and 

chronic (c) GVHD was diagnosed by standard criteria (22). For cumulative incidence of 

GVHD, death without GVHD was considered a competing event.

Secondary objectives were to compare relapse, DFS, TRM, grades II–IV aGVHD, and 

cGVHD. Probability of DFS and OS were calculated using the Kaplan-Meier estimator. 

Values for other end points were calculated using cumulative incidence curves to 

accommodate competing risks. Additionally, we sought to evaluate the influence of the 

conditioning regimen (TBI versus i.v. BU) on post HCT outcomes among ALL risk 

subgroups (standard versus high) classified based on age, initial WBC and cytogenetics at 

diagnosis, as well as the effect of remission status (CR1 versus CR2). Cytogenetic risk was 

defined by CIBMTR criteria, adapted from Moorman et al(23), defining complex karyotype 

(≥3 chromosomal abnormalities), t(9;22), t(4;11), and hypodiploid (<46 chromosomes) as 

poor risk.

Statistical considerations

Patient-, disease-, and transplant-related variables for donor types were compared using chi- 

square statistics for categorical variables and the Kruskal-Wallis test for continuous 

variables. Probabilities for relapse, NRM and GVHD were calculated using the cumulative 

incidence (CI) estimator to accommodate competing risks. Kaplan-Meier estimates were 

used to calculate the probability of LFS and OS. Multivariate analysis (MVA) was 

performed using Cox proportional hazard model for OS, DFS, TRM, relapse, aGVHD and 

cGVHD. The variables considered in the multivariate models were BU vs. TBI (in all 

models), age, time to achieve CR1, donor type, donor/recipient sex match, graft type, 

cytogenetic risk, and disease status at time of HCT in addition to others suggestively 

important in univariate analysis. In-vivo T cell depletion was evaluated as a factor but it did 

not show significance in the model building process. Adjusted probabilities of LFS and 

survival, and adjusted cumulative incidence functions of NRM, relapse and acute and 

chronic GVHD were calculated using the multivariate models, stratified on type of 

conditioning and weighted by the pooled sample proportion value for each prognostic 
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factor(24, 25). The assumption of proportional hazards for each factor in the Cox model was 

tested using time-dependent covariates. When the test indicated differential effects over time 

(non-proportional hazards), models were constructed breaking the post-transplant time 

course into two periods, using the maximized partial likelihood method to find the most 

appropriate breakpoint. A backward stepwise model selection approach was used to identify 

all significant risk factors. Factors which were significant at a 5% level were kept in the final 

model. Based on the available sample size, with 2 sided test at 5% significance level, we had 

an 80% power to detect ≥ 9% difference in 2-year and 3-year OS probability between the 

TBI and BU groups.

RESULTS

Patient and treatment characteristics

Patient demographics and baseline disease characteristics of the 819 patients treated with 

TBI-based and 299 patients treated with BU-based HCT conditioning regimens are 

described in Table 1. Both groups were similar with the proportions of B-lineage (83% vs. 

83%), CR1 (74% vs. 75%), presence of extramedullary disease at diagnosis (14% vs. 13%), 

and HLA-identical sibling donors (50% vs. 56%). However, the BU group included more 

patients of 50-60 years of age compared to the TBI group (24% vs. 17%, p=.004), fewer 

patients who achieved CR1 within 8 weeks (44% vs. 55%, p=.003), fewer patients who 

reached transplant within 6 months of achieving CR (80% vs. 88%, p=.002), and more Ph+ 

patients treated with tyrosine kinase inhibitors (TKI) before and after HCT (73% vs. 50%, p 

<.001). Finally, more BU patients received peripheral blood grafts (84% vs. 76%, p=.005), 

in vivo lymphodepletion with ATG or alemtuzumab (23% vs. 12%, p <.001), tacrolimus-

based GVHD prophylaxis (89% vs. 72%, p <.001), and were transplanted in the recent 

period, 2011 to 2015 (47% vs. 30%, p<.001), compared to TBI.

Patients in the TBI group received fractionated TBI at 9-12 Gy (63%) or 13-16 Gy (37%) 

combined with Cy (75%) or etoposide (25%). The median Cy dose was 106 mg/kg 

(interquartile range 89.5 mg/kg-119.5 mg/kg) and the median etoposide dose was 54 mg/kg 

(interquartile range 47mg/kg-59 mg/kg). BU dosing was PK-directed in 80% of patients, 

targeting a median daily AUC 5000 umol/min (range 4000-6000). The median BU dose was 

11.5 mg/kg (interquartile range 9.8-12.8 mg/kg) combined with Clo (31%), Flu (41%), Cy 

(15%) or Mel (13%). The Clo dose was 40 mg/m2 daily for four days. The median Flu dose 

was 160 mg/m2 (interquartile range 159 mg/m2-160 mg/m2). The median Mel dose was 140 

mg/m2 (interquartile range 129 mg/m2-140 mg/m2).

Survival and Disease-Free Survival

With a median follow-up among survivors of 43 months (range 3-98 months) in the BU-

based group, and 63 months (range 3-125 months) in the TBI-based group, the overall 

survival was similar (57% BU vs. 53% TBI at 3 years, p=0.35, Table 3, Figure 1). Factors 

significantly associated with worse OS in multivariate analysis were older age ≥ 35 years 

[Relative Risk (RR) 1.36, 95% CI: 1.13-1.64, p=.001], HCT in CR2 (RR 1.85, 95% CI: 

1.49-2.30, p<.0001), and greater than 8 weeks to achieve CR1 (RR 1.31, 95% CI: 1.09-1.58 

p=.005). Absence of poor risk cytogenetic features was associated with better OS compared 
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with Ph+ karyotype (RR 0.77, 95% CI: 0.62-0.95, p=.015). However, the presence of the 

Philadelphia translocation had no significant impact on survival within the poor risk 

cytogenetic risk group (Table 2). Disease-free survival was also similar between the two 

groups in univariate (45% BU vs. 48% TBI at 3 years, p=0.35, Table 3, Figure 1) and 

multivariate analysis (Table 2). The same factors associated with OS were also significant 

for DFS in multivariate analysis (Table 2). The use of PK-directed BU dosing was associated 

with significantly better OS compared to BU with no PK guidance. No PK guidance was 

associated with a 1.82 RR, 95% CI: 1.17-2.82, of higher mortality, p=.008. Due to the small 

sample size of patients without PK-guidance (n=46), this apparent association was not tested 

in multivariate analysis.

Treatment-related mortality and graft vs. host disease

Patients in the BU-based group experienced less late TRM compared with the TBI group, 

with the difference becoming apparent only after the first year following HCT, and TRM 

was significantly lower at 3 years, 19% vs. 25%, p=.04 (Figure 2, Table 3). However, in 

multivariate analysis, the conditioning regimen was not significantly associated with TRM 

(Table 2). Factors associated with increased TRM were age ≥35 years (RR 1.59, 95% CI: 

1.21-2.08, p=.001), longer time to achieve CR1 (RR 1.35, 95% CI: 1.03-1.77, p=.028), and 

greater time from CR1 to HCT for the CR1 group (RR 1.81, 95% CI: 1.22-2.67, p=.003). 

Additionally, standard risk karyotype was associated with significantly lower TRM 

compared with Ph+ (RR 0.49, 95% CI: 0.36-0.67, p <.0001). However, there was no 

difference in risk of TRM between the Ph+ and non-Ph poor risk group (Table 2). The cause 

of death by treatment cohort is listed in Table 4. Non-relapse causes of death were less 

frequent in the BU group compared with TBI: pneumonitis or acute respiratory distress 

syndrome (ARDS) (0.7% vs. 5%), infection (5.9% vs. 13%) and organ failure (8.8% vs.

12%). Relapse as a cause of death was more frequent in the BU group (57 vs. 45%). The 

reported death from secondary malignancy was similar in both groups at 0.7% but the follow 

up is short.

The cumulative incidence of aGVHD at day 100, grades II-IV and III-IV were 47% vs. 40%, 

p=.08, and 12% vs. 16%, p=.04, for the BU vs. TBI-based groups, respectively. In univariate 

analysis, cGVHD was marginally lower in the BU-based group (49% vs. 55%, p=.07) (Table 

3). In multivariate analysis, the transplant conditioning group was not significant for 

aGVHD risk, but the use of BU-based regimens was associated with marginally less risk of 

cGVHD (RR 0.83, 95% CI: 0.68-1.01, p=.059).

Relapse

Patients in the BU group experienced significantly more relapse compared with the TBI 

group, 37% vs. 28% at 3 years, p=.01 (Figure 2, Table 3). In multivariate analysis, the use of 

BU-based conditioning was associated with a 1.46 RR for relapse, 95% CI: 1.15-1.85, p=.

002 (Table 2). Additional factors significantly associated with increased risk for relapse were 

HCT in CR2 (RR 1.79, 95% CI: 1.41-2.27, p <.0001) and longer time to achieve CR1 (RR 

1.27, 95% CI: 1.01-1.61, p=.04) (Table 2).

Kebriaei et al. Page 6

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Subset analysis for patients 50-60 years-old

One of the reasons for investigating non-TBI conditioning regimens is to evaluate a 

potentially safer approach for older patients. We conducted a subset analysis for patients 

aged 50-60 years-old, and treatment characteristics and outcomes are listed in Table 5. The 

main transplant outcomes were similar with either transplant regimen in this age group 

(Table 5). It is important to note that our study was not adequately powered to examine the 

two treatment approaches in this older age or other subgroups.

DISCUSSION

To avoid the well-documented short- and long-term effects of TBI, non-TBI preparative 

regimens based on BU are being explored. We demonstrated similar overall survival 

between these two treatment approaches. The BU-based regimens appeared better tolerated, 

with decreased TRM. Decreased grades III-IV acute GVHD and chronic GVHD were 

observed in the BU compared with TBI group, despite a higher proportion of patients 

receiving peripheral blood grafts in the BU group. Of note, the difference in TRM was most 

apparent after the first year following HCT, and may in part be related to the increased rate 

of chronic GVHD observed in the TBI group. Unfortunately, we did not have the data to 

describe the regimen-related toxicity profile, which was likely different between the two 

groups. However, in reviewing non-relapse causes of death, there were more cases of fatal 

pneumonitis or ARDS in the TBI group versus the BU group (0.7% vs 5%); the rate for fatal 

secondary malignancy was less than 1% and similar in both groups. But disappointingly, the 

relapse rate was significantly higher with the non-TBI, BU-based conditioning regimens. 

Similar findings were noted in a recent EBMT report comparing thiotepa-based 

chemotherapy only conditioning with myeloablative Cy-TBI conditioning prior to allogeneic 

HCT for adult ALL(26). In this retrospective, matched pair analysis, the 2-year leukemia-

free survival and OS rates were comparable at 33% vs. 39% and 47% vs. 49% for thiotepa-

based vs. TBI-based regimens, respectively. In multivariate analysis for patients in CR1, 

thiotepa treated patients had a trend for inferior LFS (HR 1.44, 95% CI, 0.98-2.12, p=.06) 

and increased rate of relapse (HR 1.78, 95% CI, 1.07-2.95, p=.03), but this did not impact 

OS (26).

Our findings differ from earlier retrospective (5) and prospective studies (6) of non PK-

targeted, oral BU in combination with Cy which was associated with significantly higher 

rates of TRM compared with Cy-TBI in children with ALL undergoing HCT. In these earlier 

studies, leukemia relapse rates were similar between the treatment arms, but OS favored TBI 

due to the high TRM with BU-Cy. PK-guided, i.v. BU administration, which ensures a more 

predictable dose delivery, may contribute to the good safety profile noted in this study. Since 

the majority of patients received PK-directed BU therapy, we could not investigate the effect 

of PK guidance in the multivariate analysis due to the very few patients who did not receive 

PK-guidance. However, PK guidance was associated with significantly better OS within the 

BU group. Notably, our results did not corroborate the finding of similar relapse incidence in 

conditioning without TBI that was observed in the studies conducted in children, but there 

are established different patterns of relapse in adult patients with ALL(27).
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The fundamentally different patient populations compared with each treatment approach was 

one of the biggest limitations of this study. In addition to ATG use and Ph+ patients, the BU 

patients were older, had more resistant disease taking longer to achieve CR 1, and took 

longer to receive HCT. Furthermore, BU-based therapy was used more frequently in recent 

years, and consequently TKI therapy post HCT was used more frequently in Ph+ patients in 

this group. Of note, multivariate analysis excluding Ph+ patients showed similar outcomes 

(data not shown). Furthermore, the majority of the BU patients (94%) were treated at either 

of 2 large transplant centers, introducing potential for center bias into the analysis. Finally, 

data on minimal residual disease was not available, and therefore we cannot know if there 

was an imbalance of positive MRD between the two treatment groups.

Notably, our analysis was not powered to compare outcomes with each treatment approach 

in patients undergoing HCT in CR1 vs. CR2, or younger vs. older patients. In a subset 

analysis of patients ≥50 years, for whom non-TBI based regimens are often elected, all post 

HCT outcomes were similar with either approach. Similar observations were reported in a 

retrospective analysis of myeloablative allogeneic HCT in adults with T-ALL. In this study 

reported by the European Group for Blood and Marrow Transplantation (EBMT), 601 

patients with T-ALL were transplanted with either TBI-based (87%) or non- TBI-based 

regimens (13%). Patients receiving TBI had lower risk for relapse, but the high rate of TRM 

rate in the TBI group for patients greater than 35 years (38% vs. 9% for chemo-only), 

precluded any survival benefit for TBI in the older patients.(28)

Furthermore, our study was not powered to investigate the optimal BU-based regimen. 

Increasing studies show that HCT outcomes are different with specific BU-based regimens. 

In a prospective, multicenter study in adults aged 40-65 years undergoing HCT for AML, 

patients were randomized to receive either i.v BU 0.8 mg/kg × 16 doses combined with Cy 

120 mg/kg or same i.v. BU combined with Flu 160 mg/kg. The 1-year TRM rate was 7.9% 

for BU-Flu vs. 17.2 for the BU-Cy, p=.026, with similar relapse rates, suggesting differences 

in tolerance between the two regimens.(29) Similarly, in a single center pediatric study 

including mainly ALL patients, Bartelink et al reported data for two consecutive groups of 

children treated with BU-Cy between 2005-2008, and then BU-Flu between 2009-2012. The 

BU-Flu group had less observed toxicity with lower rates of lung injury, VOD, infection, 

and chronic GVHD.(30)

Our findings need to be further investigated in a prospective study. Still, our analysis 

provides useful information to the existing literature for transplant approaches to adults with 

ALL. Within the limitations of a retrospective registry analysis, we have shown for the first 

time that OS is comparable for BU and TBI-based myeloablative conditioning in adults 

undergoing HCT for ALL. The optimal HCT conditioning approach for each patient is based 

on an individual patient’s risk for relapse and projected TRM. The incorporation of i.v., PK-

guided BU has resulted in decreased rates of TRM compared with older studies that used the 

oral formulation of BU, and further investigations, such as post-transplant maintenance, are 

needed to mitigate the relapse rate with chemotherapy-only regimens. The use of TBI-based 

therapy confers good disease control at the expense of greater TRM, including GVHD, and 

further strategies to decrease TRM are needed with this approach.
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Highlights

• TBI and BU-based preparative regimens confer equivalent survival post HCT 

in adult ALL.

• More relapse, trend for less cGVHD for BU-based regimens in multivariate 

analysis.

• TBI-based regimens confer good disease control, but trend for more TRM.
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Figure 1. Adjusted probability of disease-free and overall-survival in adult ALL patients by 
conditioning regimen
3-year DFS and OS were 48% vs. 45%, p=0.35 and 53% vs. 57%, p=0.35 for TBI vs. BU 

groups, respectively. Conditioning was not significantly associated with either DFS or OS in 

multivariate analysis.

Abbreviations: DFS, disease-free survival; OS, overall survival; TBI, total body irradiation; 

Bu, busulfan; N, number; HCT, hematopoietic cell transplantation; ALL, acute 

lymphoblastic leukemia
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Figure 2. Adjusted cumulative incidence of treatment-related mortality and relapse in adult ALL 
patients by transplant conditioning regimen
Conditioning was not significantly associated with TRM in multivariate analysis. However, 

patients in the BU group had increased 1.46 (95% C.I.: 1.15-1.85) relative risk for relapse, 

p=.002, compared with patients in the TBI group.

Abbreviations: TBI, total body irradiation; Bu, busulfan; N, number; HCT, hematopoietic 

cell transplantation; ALL, acute lymphoblastic leukemia
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Table 1

Baseline characteristics of study population

Variable TBI-based Bu-based P-value

Number of patients 819 299

Patient age 0.004

  18-49 683 (83) 226 (76)

 50-60 136 (17) 73 (24)

 Median (range) 37 (18-60) 38 (18-60) 0.04

Male gender 485 (59) 172 (58) 0.61

KPS≥90% 552 (67) 216 (72) 0.015

B lineage 677 (83) 247 (83) 0.11

TKI pre-HCT (for Ph+) 150 (50) 86 (73) <0.001

White blood count at diagnosis 0.86

 <= 30 443 (54) 157 (53)

 31 - 100 111 (14) 39 (13)

 > 100 105 (13) 44 (15)

 Missing 160 (20) 59 (20)

Extra-medullary disease present at diagnosis 111 (14) 40 (13) 0.98

Cytogenetics groupinga at diagnosis 0.03

 Poor, Ph+ 300 (37) 118 (39)

 Poor, Ph− 121 (15) 44 (15)

 Other 314 (38) 123 (41)

 Missing 84 (10) 14 (5)

CR1 prior to HCT 610 (74) 223 (75) 0.97

Time to achieve CR1 0.003

 <=8 weeks 449 (62) 133 (56)

 >8 weeks 309 (38) 133 (44)

Time from CR1 to HCT (for CR1) 0.002

 0-6 months 749 (88) 259 (80)

 >6 months 70 (12) 40 (20)

Conditioning regimen

 TBI+VP16 204 (25) 0

 TBI+Cy 615 (75) 0

 Bu+Flu 0 124 (41)

 Bu+Clo 0 91 (30)

 Bu+Mel 0 38 (13)

 Bu+Cy 0 46 (15)

Pharmacokinetics for Bu dosing N/A 240 (80)

Dose of TBI ≥13Gy fractionated 305 (37) N/A

CNS radiation boost administered 67 (8) N/A

Testicular radiation boost administered 72 (9) N/A

HLA-identical sibling donor 408 (50) 166 (56) 0.09

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2019 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kebriaei et al. Page 16

Variable TBI-based Bu-based P-value

Peripheral blood graft 623 (76) 251 (84) 0.005

GVHD prophylaxis <0.001

 Tacrolimus-based 593 (72) 267 (89)

 Cyclosporine-based 207 (25) 23 (8)

 Others 4 (1) 6 (2)

 Missing 15 (2) 3 (1)

ATG/alemtuzumab given 108 (12) 69 (23) <0.001

Post-HCT preemptive TKI (for Ph+) 86 (33) 59 (55) <0.001

Year of HCT <0.001

 2005-2010 573 (70) 158 (53)

 2011-2015 246 (30) 141 (47)

Median follow-up of survivors (range), months 63 (3-125) 43 (3-98)

a
Poor cytogenetics: complex (>= 3 abnormalities), t(9;22), t(4;11), hypodiploid (<46).

Abbreviations: TBI, total body irradiation; BU, busulfan; KPS, Karnofsky performance status; TKI, tyrosine kinase inhibitor; HCT, hematopoietic 
cell transplantation; Ph, Philadelphia chromosome; CR, complete remission; VP16, etoposide; Cy, cyclophosphamide; Flu, fludarabine; Clo, 
clofarabine; Mel, melphalan; Gy, gray; CNS, central nervous system; HLA, hematopoietic cell transplantation; GVHD, graft-versus-host disease; 
ATG, anti-thymocyte globulin; N/A, not applicable

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2019 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kebriaei et al. Page 17

Table 2

Multivariate analysis of outcomes after HCT

Study endpoints N RR (95% CI) p-value

Overall survival

Main variable:

Conditioning

TBI 819 1

Bu 299 1.01 (0.83-1.23) 0.93

Significant covariates:

Recipient age (years) at HCT

18-34 500 1

35-60 618 1.36 (1.13-1.64) 0.001

Disease status at HCT

CR1 833 1

CR2 285 1.85 (1.49-2.30) <.0001

Cytogenetics

Poor, Ph+ 418 1 0.036

Poor, Ph− 156 0.88 (0.66-1.16) 0.35

Other (including normal) 446 0.77 (0.62-0.95) 0.015

Missing 98 0.65 (0.46-0.92) 0.016

Time to achieve CR1

≤8 weeks 582 1 0.013

>8 weeks 442 1.31 (1.09-1.58) 0.0046

Missing 94 1.29 (0.93-1.78) 0.12

Disease-free survival

Main variable:

Conditioning

TBI 812 1

Bu 293 1.16 (0.96-1.39) 0.13

Significant covariates:

Disease status at HCT

CR1 825 1

CR2 280 1.75 (1.43-2.15) <.0001

Cytogenetics

Poor, Ph+ 415 1 0.0046

Poor, Ph− 155 0.86 (0.66-1.11) 0.25

Other (including normal) 438 0.70 (0.57-0.85) 0.00040

Missing 97 0.72 (0.52-1.00) 0.047

Time to achieve CR1

≤8 weeks 574 1 0.0081

>8 weeks 437 1.32 (1.11-1.57) 0.0020

Missing 94 1.18 (0.87-1.61) 0.28
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Study endpoints N RR (95% CI) p-value

Treatment-related mortality

Main Variable:

Conditioning

TBI 812 1

Bu 293 0.82 (0.61-1.11) 0.19

Significant Covariates:

Recipient age at HCT

18-34 495 1

35-60 610 1.59 (1.21-2.08) 0.0009

Cytogenetics

Poor, Ph+ 415 1 0.0002

Poor, Ph− 155 0.74 (0.50-1.09) 0.13

Other (including normal) 438 0.49 (0.36-0.67) <.0001

Missing 97 0.69 (0.44-1.09) 0.11

Time to achieve CR1

≤8 weeks 574 1 0.037

>8 weeks 437 1.35 (1.03-1.77) 0.028

Missing 94 1.62 (0.95-2.79) 0.079

Time from CR1 to HCT (for CR1 cases)

≤6 months 676 1 0.0002

>6 months 109 1.81 (1.22-2.67) 0.003

N/A, CR2 280 1.83 (1.29-2.61) 0.0008

Missing 40 0.73 (0.29-1.85) 0.51

Relapse

Main variable:

Conditioning 812 1

TBI

Bu 293 1.46 (1.15-1.85) 0.0016

Significant Covariates

Disease status at HCT

CR1 825 1

CR2 280 1.79 (1.41-2.27) <.0001

Time to achieve CR1

≤8 weeks 574 1 0.11

>8 weeks 437 1.27 (1.01-1.61) 0.042

Missing 94 0.99 (0.65-1.50) 0.95

Abbreviations: OS, overall survival; HCT, hematopoietic cell transplantation; TBI, total body irradiation; Bu, busulfan; CR, complete remission; 
Ph, Philadelphia; DFS, disease-free survival; TRM, treatment-related mortality; N, number; RR, relative risk; CI, confidence interval
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Table 4

Causes of death by treatment group

Cause of Death, No (%) TBI, N=377 deaths BU, N=135 deaths

Relapse 170 (45) 77 (57)

Graft failure 2 (0.5) 0 (0)

GVHD 50 (13) 16 (11.8)

Infection 51 (13) 8 (5.9)

Interstitial pneumonitis or ARDS 19 (5) 1 (0.7)

Organ failure 45 (12) 12 (8.8)

Secondary malignancy 3 (0.7) 1 (0.7)

Hemorrhage 3 (0.7) 1 (0.7)

Accident 1 (0.2) 0 (0)

Vascular 1 (0.2) 1 (0.7)

Other 23 (6.1) 15 (11)

Unknown 9 (2.4) 3 (2.2)

Abbreviations: GVHD, graft-versus-host disease; TBI, total body irradiation; BU, busulfan; N, number; ARDS, acute respiratory distress syndrome
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Table 5

Subset analysis for patients 50-60 years, characteristics and outcomes

Variable TBI, N(%) BU, N (%)

Number of patients 136 73

 Male 73 (54) 37 (51)

KPS >=90% 81 (60) 48 (66)

Disease stage at HCT

 CR1 118 (87) 64 (88)

 CR2 18 (13) 9 (12)

Cytogenetics

 Poor, Ph+ 67 (49) 41 (56)

 Poor, Ph− 22 (16) 11 (15)

 Other 40 (29) 17 (23)

Med.wks achieve CR1(range) 6 (1-47) 11 (3-45)

Time from CR1 to HCT

 ≤6 months 103 (76) 51 (69)

 >6 months 12 (9) 9 (12)

PK for Bu dosing 0 55 (75)

Donor type

 SIB 65 (48) 44 (60)

 MUD 71 (52) 29 (40)

Graft type

 Bone marrow 28 (21) 8 (11)

 Peripheral blood 108 (79) 65 (89)

Med. Mo. fu survivors (range) 60 (3-120) 38 (6-96)

Outcomes, 3-year Prob (95%CI) Prob(95%CI) p-value

Relapse 26 (19-34)% 30 (19-42)% 0.6

TRM 34 (26-43)% 29 (20-41)% 0.84

DFS 40 (31-49)% 41 (29-53)% 0.81

OS 40 (32-49)% 49 (37-61)% 0.55

Abbreviations: TBI, total body irradiation; BU, busulfan; N, number; KPS, Karnosfky performance status; CR, complete remission; HCT, 
hematopoietic cell transplantation; PK, pharmacokinetics; SIB, sibling; MUD, matched unrelated donor; Med, median; M, month; fu, follow up; 
TRM, treatment related mortality; DFS, disease-free survival; OS, overall survival; Prob, probability; CI, confidence interval
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