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Abstract

BACKGROUND—The majority of patients in need of a hematopoietic-cell transplant do not have 

a matched related donor. Data are needed to inform the choice among various alternative donor-

cell sources.

METHODS—In this retrospective analysis, we compared outcomes in 582 consecutive patients 

with acute leukemia or the myelodysplastic syndrome who received a first myeloablative 

hematopoietic-cell transplant from an unrelated cord-blood donor (140 patients), an HLA-matched 

unrelated donor (344), or an HLA-mismatched unrelated donor (98).

RESULTS—The relative risks of death and relapse between the cord-blood group and the two 

other unrelated-donor groups appeared to vary according to the presence of minimal residual 

disease status before transplantation. Among patients with minimal residual disease, the risk of 

death was higher in the HLA-mismatched group than in the cord-blood group (hazard ratio, 2.92; 

95% confidence interval [CI], 1.52 to 5.63; P = 0.001); the risk was also higher in the HLA-

matched group than in the cord-blood group but not significantly so (hazard ratio, 1.69; 95% CI, 

0.94 to 3.02; P = 0.08). Among patients without minimal residual disease, the hazard ratios were 

lower (hazard ratio in the HLA-mismatched group, 1.36; 95% CI, 0.76 to 2.46; P = 0.30; hazard 

ratio in the HLA-matched group, 0.78; 95% CI, 0.48 to 1.28; P = 0.33). The risk of relapse among 

patients with minimal residual disease was significantly higher in the two unrelated-donor groups 

than in the cord-blood group (hazard ratio in the HLA-mismatched group, 3.01; 95% CI, 1.22 to 

7.38; P = 0.02; hazard ratio in the HLA-matched group, 2.92; 95% CI, 1.34 to 6.35; P = 0.007). 

Among patients without minimal residual disease, the magnitude of these associations was lower 

(hazard ratio in the HLA-mismatched group, 1.28; 95% CI, 0.51 to 3.25; P = 0.60; hazard ratio in 

the HLA-matched group, 1.30; 95% CI, 0.65 to 2.58; P = 0.46).
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CONCLUSIONS—Our data suggest that among patients with pretransplantation minimal 

residual disease, the probability of overall survival after receipt of a transplant from a cord-blood 

donor was at least as favorable as that after receipt of a transplant from an HLA-matched unrelated 

donor and was significantly higher than the probability after receipt of a transplant from an HLA-

mismatched unrelated donor. Furthermore, the probability of relapse was lower in the cord-blood 

group than in either of the other groups.

The preferred donor for patients who are in need of an allogeneic hematopoietic-cell 

transplant remains an HLA-identical sibling. Such a donor is not available for the majority 

(approximately 70%) of patients, and alternative donor sources are necessary.1 At the Fred 

Hutchinson Cancer Research Center, the first alternative choice for patients who do not have 

an HLA-identical sibling has been an unrelated donor who has been matched with the 

patient at the allele level for HLA-A, HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1 (a so-

called 10/10 match, or an HLA-matched unrelated donor). However, approximately 50% of 

white patients who do not have an HLA-identical sibling will also not find an HLA-matched 

unrelated donor, and the percentage is higher in some nonwhite racial and ethnic groups; 

thus there is a need for alternative donor choices.1

One such option is an unrelated donor who is mismatched for a single allele at HLA-A, 

HLA-B, HLA-C, HLA-DRB1, or HLA-DQB1 (a so-called 9/10 unrelated donor, or an 

HLA-mismatched unrelated donor). Another option is an unrelated umbilical cord–blood 

donor. Cord blood can be used with greater allowance for HLA disparity, and thus sources of 

cord-blood transplants are available for nearly all patients. Advances in cord-blood 

transplantation, including the increased availability of cord-blood units with a high cellular 

content, the use of double cord-blood grafts to increase the cell dose, and numerous ex vivo 

expansion methods, have further increased the potential application of this donor source.2–7

These advances make the use of cord blood from unrelated donors a possible alternative 

stem-cell source when an HLA-identical sibling or a 10/10 unrelated donor is not available. 

In this retrospective study, we compared outcomes after receipt of a transplant from a cord-

blood donor with outcomes after receipt of a transplant from an HLA-matched or HLA-

mismatched unrelated donor in patients with acute leukemia or the myelodysplastic 

syndrome who underwent a first myeloablative allogeneic transplantation at our institution. 

We sought not only to compare outcomes among the groups but also to determine whether 

the magnitude of the difference between the donor sources in the risk of treatment failure 

with respect to various outcomes varied according to the presence or absence of minimal 

residual disease before transplantation.

METHODS

PATIENTS

We included in this series all the patients with acute myeloid or lymphoid leukemia or the 

myelodysplastic syndrome who received a first allogeneic hematopoietic-cell transplant 

from an unrelated donor at our center between January 2006 and December 2014 (582 

patients), with the source of stem cells being cord blood, bone marrow, or peripheral blood. 

All cord-blood grafts were matched for four, five, or six loci at HLA-A and HLA-B (at the 
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antigen level) and at the allele level for HLA-DRB1. In the unrelated-donor groups, which 

included bone marrow and peripheral-blood stem-cell sources from adult volunteer donors, 

patients were matched with the donor at the allele level for HLA-A, HLA-B, HLA-C, HLA-

DQB1, and HLA-DRB1 (HLA-matched group) or were mismatched for a single allele 

(HLA-mismatched group). In the HLA-matched and HLA-mismatched groups, the stem-cell 

source was determined largely according to treatment protocol and in some cases according 

to donor or patient preference. HLA-matched unrelated donors were generally selected as 

the primary source if patients did not have an HLA-matched related donor. For patients 

without an HLA-matched unrelated donor, the choice of a cord-blood graft or an HLA-

mismatched unrelated-donor graft was determined according to an algorithm that was based 

on clinical protocols that were available at the time of enrollment and on the priority of such 

protocols (at our institution). Because the choice was not randomized, the possibility of bias 

cannot be excluded, but bias was not systematic.

Ten-color multiparameter flow cytometry was performed on bone marrow aspirates that 

were obtained from all the patients as a routine baseline assessment before transplantation in 

order to assess disease status and the presence or absence of minimal residual disease. 

Assessment of acute myeloid leukemia and acute lymphoid leukemia by means of flow 

cytometry was identical, although a different immunophenotypic panel was used.8 Any level 

of residual disease was considered to indicate positivity for minimal residual disease.9

STUDY DESIGN AND OVERSIGHT

The first and last authors designed the study, made the decision to submit the manuscript for 

publication, and vouch for the completeness and accuracy of the data and the study analysis. 

All the patients provided written informed consent in accordance with the provisions of the 

Declaration of Helsinki. Separate approval was obtained from the institutional review board 

at the Fred Hutchinson Cancer Research Center for patients’ records to be retrospectively 

reviewed for this analysis, and all the patients who were included in the analysis provided 

written informed consent for the use of their medical records for research.

STATISTICAL ANALYSIS

The demographic characteristics of the patients were compared with the use of the chi-

square test (categorical variables) or analysis of variance (continuous variables). Unadjusted 

estimates of the probability of overall survival were computed with the use of the Kaplan–

Meier method.10 Unadjusted probabilities of relapse, death without relapse, and acute and 

chronic graft-versus-host disease were summarized with the use of cumulative-incidence 

estimates.11 Adjusted estimates that were based on results from regression models were 

obtained by assuming that the patients in the unrelated-donor groups had the same 

demographic characteristics, on average, as those in the cord-blood group.12 The cause-

specific hazards of treatment failure for each end point were compared between the cord-

blood group and each of the unrelated-donor groups with the use of Cox regression. These 

models were adjusted for various factors from among the following: age of the patient, 

severity of disease, year of transplantation, presence or absence of minimal residual disease, 

and use or nonuse of high-dose total-body irradiation as part of the conditioning regimen. 
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We tested the assumption of proportional hazards by using cumulative sums of Martingale 

residual plots and Kolmogorov-type supremum tests (based on 1000 simulations).

The results from a randomized trial examining bone marrow versus peripheral-blood 

mobilized stem cells in the context of transplantation from an unrelated donor showed 

similar outcomes in the two groups for all end points examined, with the exception of 

chronic graft-versus-host disease and engraftment.13 Therefore, the source of stem cells in 

the HLA-matched group and the HLA-mismatched group in our study was not considered 

for any end point other than chronic graft-versus-host disease, in which the HLA-matched 

group and the HLA-mismatched group were each separated into bone marrow and 

peripheral-blood subgroups. We assessed interactions between donor source and outcome by 

fitting appropriate factors in Cox regression models. Because the power to detect a 

significant interaction (at the 0.05 level of significance) is much lower than the power to 

detect a main effect, we used a more liberal threshold of significance to determine which 

interactions were worthy of being included in our models. Interactions tests that yielded a P 

value of less than 0.15 were considered to be important enough to warrant inclusion in a 

regression model.

RESULTS

PATIENTS

Among the 582 patients included in this retrospective analysis, 344 received a transplant 

from an HLA-matched unrelated donor (107 patients received a bone marrow transplant, and 

237 a peripheral-blood transplant), 98 received a transplant from an HLA-mismatched 

unrelated donor (28 received a bone marrow transplant, and 70 a peripheral-blood 

transplant), and 140 received a transplant from a cord-blood donor (Table 1). All the patients 

in the cord-blood group received a double cord-blood graft except for 16 (11%), who 

received a single donor graft. In addition, 39 patients (28%) received an ex vivo expanded 

cord-blood unit as part of their graft, combined with an unmanipulated cord-blood unit.

Patients who received transplants from cord-blood donors were, on average, younger than 

the patients in the other two groups, were more likely to be nonwhite (76 of 140 [54%]), and 

were more likely to be seropositive for cytomegalovirus (86 of 140 [61%]). The proportions 

of patients with acute leukemia were similar across the three groups, but a higher proportion 

of patients in the cord-blood group than in either unrelated-donor group had high-risk or 

very-high-risk disease. 14 The percentage of patients with minimal residual disease at the 

time of transplantation was similar in all groups: 45 of 137 patients (33%) in the cord-blood 

group, 104 of 331 (31%) in the HLA-matched group, and 35 of 90 (39%) in the HLA-

mismatched group. Data on residual-disease status were missing for 24 patients.

Patients who received total-body irradiation at a dose of 1200 or 1320 cGy as part of their 

conditioning regimen, which also included fludarabine and cyclophosphamide, were 

combined into a high-dose total-body irradiation subgroup. There was a correlation between 

age and conditioning regimen. The median age of the patients who received high-dose total 

body irradiation was 23.8 years in the HLA-matched group, 31.9 years in the HLA-

mismatched group, and 21.2 years in the cord-blood group. The median ages of the patients 
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who received regimens that did not contain high-dose total body irradiation were 49.7 years, 

51.0 years, and 50.4 years, respectively.

OVERALL MORTALITY

There were 44 deaths in the cord-blood group, 116 in the HLA-matched group, and 52 in the 

HLA-mismatched group. The unadjusted and adjusted estimates of the probability of 

survival in the three groups are shown in Figure 1A. At 4 years, the unadjusted estimate of 

the rate of survival was 71% (95% confidence interval [CI], 62 to 77) in the cord-blood 

group, 63% (95% CI, 57 to 68) in the HLA-matched group, and 49% (95% CI, 38 to 58) in 

the HLA-mismatched group.

The adjusted risk of death was higher in the HLA-mismatched group than in the cord-blood 

group (hazard ratio, 1.91; 95% CI, 1.23 to 2.98; P = 0.004) and was similar in the HLA-

matched group and the cord-blood group (hazard ratio, 1.12; 95% CI, 0.77 to 1.63; P = 

0.57). However, the results of a test for interaction between donor source and minimal 

residual disease status suggested a trend toward significance in the comparison of the 

difference between the HLA-mismatched group and the cord-blood group according to 

minimal residual disease status (P = 0.08 for interaction), whereas the difference between 

the HLA-matched group and the cord-blood group varied significantly according to minimal 

residual disease status (P = 0.04 for interaction).

Table 2 summarizes the results of a regression model for overall mortality according to the 

presence or absence of minimal residual disease. Among patients with minimal residual 

disease, the cord-blood group had a significantly higher probability of survival than the 

HLA-mismatched group and had a probability of survival that was at least as good as that in 

the HLA-matched group (Table 2 and Fig. 2A). However, the risk of death in the HLA-

mismatched group, as compared with the cord-blood group, that was seen among patients 

with minimal residual disease (hazard ratio, 2.92) was higher than the one observed among 

patients without minimal residual disease (hazard ratio, 1.36). Survival in the HLA-matched 

group was at least as good as that in the cord-blood group in the absence of minimal residual 

disease (Table 2). There was no suggestion that the relative differences in mortality between 

the cord-blood group and either unrelated-donor group varied according to the use or nonuse 

of high-dose total-body irradiation as part of the conditioning regimen (P = 0.90 for 

interaction in the HLA-matched group vs. the cord-blood group; P = 0.74 for interaction in 

the HLA-mismatched group vs. the cord-blood group). There was no evidence against the 

assumption of proportional hazards in the comparison of the cord-blood group with either 

unrelated-donor group (see the Supplementary Appendix, available with the full text of this 

article at NEJM.org).

RELAPSE

There were 20 events of relapse in the cord-blood group, 79 in the HLA-matched group, and 

24 in the HLA-mismatched group. Figure 1B summarizes the estimated probabilities of 

relapse in the three groups in both the unadjusted and adjusted analyses. The 4-year 

unadjusted estimate of the risk of relapse was 15% (95% CI, 9 to 21) in the cord-blood 
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group, 24% (95% CI, 19 to 29) in the HLA-matched group, and 25% (95% CI, 16 to 34) in 

the HLA-mismatched group.

The adjusted risk of relapse was significantly higher in each unrelated-donor group than in 

the cord-blood group (hazard ratio in the HLA-matched group, 1.95; 95% CI, 1.16 to 3.27; P 

= 0.01; hazard ratio in the HLA-mismatched group, 1.97; 95% CI, 1.04 to 3.73; P = 0.04). 

However, as was the case with the risk of death, the relative risk of relapse between the 

HLA-matched group and the cord-blood group was weakly but not significantly affected by 

the presence of minimal residual disease (P = 0.12 for interaction). An interaction test in the 

comparison of the HLA-mismatched group with the cord-blood group did not meet our P-

value threshold of 0.15 (P = 0.19 for interaction), but for completeness we present the results 

for relapse according to minimal residual disease status (Table 2).

Among patients with minimal residual disease, the risk of relapse after transplantation was 

significantly lower in the cord-blood group than in either unrelated-donor group (Fig. 2B). 

However, the risks of relapse in the two other unrelated-donor groups, as compared with the 

cord-blood group, that were seen among patients with minimal residual disease (hazard ratio 

in the HLA-matched group, 2.92; hazard ratio in the HLA-mismatched group, 3.01) were 

higher than the ones seen among patients without minimal residual disease (hazard ratios, 

1.30 and 1.28, respectively) (Table 2). Similar to the differences seen with mortality, the 

relative differences in the rate of relapse between the cord-blood group and the two other 

unrelated-donor groups did not vary according to the use or nonuse of high-dose total-body 

irradiation (P = 0.82 for interaction in the HLA-matched group vs. the cord-blood group; P = 

0.51 for interaction in the HLA-mismatched group vs. the cord-blood group). There was no 

evidence against the assumption of proportional hazards in the comparison of the cord-blood 

group with either unrelated-donor group (see the Supplementary Appendix).

MORTALITY WITHOUT RELAPSE

There were 29 deaths without relapse in the cord-blood group, 56 in the HLA-matched 

group, and 29 in the HLA-mismatched group. The probabilities of death without relapse in 

the three groups in the unadjusted and adjusted analyses are summarized in Figure S2 in the 

Supplementary Appendix. The 4-year unadjusted estimate of mortality without relapse was 

18% (95% CI, 12 to 25) in the cord-blood group, 17% (95% CI, 13 to 21) in the HLA-

matched group, and 28% (95% CI, 19 to 37) in the HLA-mismatched group. There was no 

significant difference in mortality without relapse between the cord-blood group and either 

unrelated-donor group (Table S3 in the Supplementary Appendix).

GRAFT-VERSUS-HOST DISEASE

The estimated probability of grade III or IV acute graft-versus-host disease15 was 18% (25 

of 136 patients) in the cord-blood group, 14% (49 of 342) in the HLA-matched group, and 

26% (25 of 98) in the HLA-mismatched group. The risk of grade III or IV acute graft-

versus-host disease was numerically higher in the HLA-mismatched group than in the cord-

blood group and lower in the HLA-matched group than in the cord-blood group, but neither 

difference was significant. The risk of chronic graft-versus-host disease16 did not differ 

significantly between the cord-blood group and any unrelated-donor group with the 
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exception of the HLA-matched group of bone marrow donors, but the hazard ratios in the 

two bone marrow groups of unrelated donors (as compared with the cord-blood group) were 

similar, as were the hazard ratios in the two peripheral-blood groups of unrelated donors. 

(Details are provided in Table S3 in the Supplementary Appendix.)

EFFECT OF MINIMAL RESIDUAL DISEASE ON MORTALITY AND RATE OF RELAPSE

The effect of minimal residual disease on outcome (for overall mortality and rate of relapse) 

varied, depending on the donor group examined. Table 3 summarizes the estimated effect of 

minimal residual disease (presence vs. absence) according to donor (from the same models 

for overall mortality and rate of relapse as shown above). Patients in the HLA-matched and 

HLA-mismatched unrelated-donor groups who had minimal residual disease had higher 

risks of death and relapse than those without minimal residual disease. However, no such 

association with mortality was seen in the cord-blood group; in this group, the risk of death 

was similar among patients with minimal residual disease and those without minimal 

residual disease (Table 3).

DISCUSSION

Previous studies17–21 have compared outcomes regarding transplants from cord-blood 

donors with those from other donor sources. Because of the previously reported profound 

effect of the presence of minimal disease before transplantation on outcomes in the context 

of non–cord-blood transplantation, this variable was examined closely. As with data in all 

retrospective analyses, our data may be subject to bias because which patients received 

which treatment was the result of nonrandomized selection (e.g., clinical priority). With this 

caveat, the survival rate after receipt of a transplant from a cord-blood donor appeared to be 

higher than that after receipt of a transplant from an HLA-mismatched unrelated donor, 

largely owing to lower relapse rates and higher rates of survival among patients with 

minimal residual disease who received a transplant. Among patients without minimal 

residual disease, there was no evidence that the risk of relapse was greater in the cord-blood 

group than in either unrelated-donor group, nor was there any evidence of a higher risk of 

death in the cord-blood group than in the HLA-mismatched group. The risk of death among 

patients without minimal residual disease was lower in the HLA-matched group than in the 

cord-blood group, but the difference was not significant.

The finding of a significant P value for the interaction between minimal residual disease 

status and donor group indicates that the relative difference in outcome between patients 

with minimal residual disease and those without minimal residual disease varied according 

to donor group. In the HLA-matched and HLA-mismatched unrelated-donor groups, the 

presence of minimal residual disease before transplantation was associated with a higher risk 

of death and disease relapse after transplantation than was the absence of minimal residual 

disease, a finding similar to results described in previous reports. 9,22 However, in contrast to 

these previous reports, in the cord-blood group, the overall mortality and rate of relapse were 

similar among patients with minimal residual disease and those without minimal residual 

disease. These observations are not entirely consistent with previous reports regarding 

transplants from cord-blood donors,23–25 in which a higher risk of relapse and a lower rate 
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of leukemia-free survival was seen among patients with minimal residual disease than 

among those without minimal residual disease.

Our analysis was conducted with the use of retrospective data and is therefore subject to the 

attendant limitations. Although regression modeling was performed as a means of 

controlling for differences in the characteristics of the patients and their disease, such 

adjustment cannot account for all discrepancies in demographic and clinical characteristics 

between groups. A randomized trial is the only way to assess definitively the differences 

between cord-blood and unrelated-donor transplantation. Given the lack of such a trial, 

however, studies such as this are one means of providing guidance regarding difficult donor 

choices in situations in which an HLA-identical sibling is not available. This situation is 

particularly important for patients from nonwhite racial and ethnic minority groups, because 

it can be difficult to find an HLA-matched unrelated donor for such patients. Indeed, in our 

study, cord-blood donors were used more often than unrelated donors for nonwhite patients. 

Because cord blood can allow for greater HLA disparity, it is possible to find suitable donors 

for nearly all patients, regardless of their racial or ethnic group.1 Although the magnitude of 

effects was reasonably large in patients with minimal residual disease, particularly with 

regard to the comparison of transplants from HLA-mismatched unrelated donors with those 

from cord-blood donors, the numbers of patients in these groups were not large, and this 

factor, along with the number of comparisons that were made (without statistical adjustment) 

as well as the retrospective nature of this study, requires that our conclusions be made both 

with caution and with a call for further examination in the future.

In conclusion, our results showed that in patients with minimal residual disease, the use of 

cord blood as the donor source for hematopoietic-cell transplantation led to a higher rate of 

survival and a lower rate of relapse than the use of a transplant from an HLA-mismatched 

unrelated donor. Our data also showed that the risk of relapse was higher after receipt of a 

transplant from an HLA-matched unrelated donor than after receipt of a transplant from a 

cord-blood donor, and there was no evidence that among patients with minimal residual 

disease, the rate of survival was higher after receipt of a transplant from a matched unrelated 

donor than after receipt of a transplant from a cord-blood donor. In some cases, the time to 

transplantation can also be a critical determinant in the success of the entire transplantation 

process, and the ability to identify and procure a cord-blood donor rapidly can allow for a 

shorter time to transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Unadjusted and Adjusted Estimates of Overall Survival and Relapse
Adjusted estimates are to be interpreted as the expected outcome if the HLA-matched and 

HLA-mismatched groups were the same, on average, as the cord-blood group with respect to 

disease severity, age of the patient, year of transplantation, and presence or absence of 

minimal residual disease. The hazard ratio for death in the HLA-matched group versus the 

cord-blood group was 1.12 (95% CI, 0.77 to 1.63; P = 0.57), and the hazard ratio in the 

HLA-mismatched group versus the cord-blood group was 1.91 (95% CI, 1.23 to 2.98; P = 

0.004). The hazard ratio for relapse in the HLA-matched group versus the cord-blood group 

was 1.95 (95% CI, 1.16 to 3.27; P = 0.01), and the hazard ratio in the HLA-mismatched 

group versus the cord-blood group was 1.97 (95% CI, 1.04 to 3.73; P = 0.04).
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Figure 2. Unadjusted and Adjusted Estimates of Overall Survival and Relapse among Patients 
with Minimal Residual Disease
Adjusted estimates are to be interpreted as the expected outcome if the HLA-matched and 

HLA-mismatched groups were the same, on average, as the cord-blood group with respect to 

disease severity, age of the patient, and year of transplantation. The hazard ratio for death in 

the HLA-matched group versus the cord-blood group was 1.69 (95% CI, 0.94 to 3.02; P = 

0.08), and the hazard ratio in the HLA-mismatched group versus the cord-blood group was 

2.92 (95% CI, 1.52 to 5.63; P = 0.001). The hazard ratio for relapse in the HLA-matched 

group versus the cord-blood group was 2.92 (95% CI, 1.34 to 6.35; P = 0.007), and the 

hazard ratio in the HLA-mismatched group versus the cord-blood group was 3.01 (95% CI, 

1.22 to 7.38; P = 0.02). Data on minimal residual disease status were missing for 3 patients 
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in the cord-blood group, for 13 in the HLA-matched group, and for 8 in the HLA-

mismatched group.
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Table 1

Demographic and Clinical Characteristics of the Patients.*

Characteristic
Cord-Blood Group (N 

= 140)
HLA-Matched Group 

(N = 344)
HLA-Mismatched 

Group (N = 98)

Age — yr†

 Median 29 40 45

 Range 1–64 1–67 2–64

Weight — kg†

 Median 70 76 77

 Range 9–112 13–173 12–142

Female sex — no. (%) 68 (49) 150 (44) 45 (46)

Race — no. (%)†‡

 White 64 (46) 294 (85) 76 (78)

 Other 76 (54) 50 (15) 22 (22)

Positive serostatus for cytomegalovirus — no. (%) 86 (61) 178 (52) 47 (48)

Diagnosis — no. (%)

 Acute myeloid leukemia 73 (52) 175 (51) 52 (53)

 Acute lymphoid leukemia 51 (36) 106 (31) 28 (29)

 Myelodysplastic syndrome 16 (11) 63 (18) 18 (18)

Disease risk — no. (%)§

 Low or intermediate 93 (66) 276 (80) 77 (79)

 High or very high 47 (34) 68 (20) 21 (21)

Conditioning regimen — no. (%)†

 Fludarabine, cyclophosphamide, and total-body 
irradiation at a dose of 1320 cGy

97 (69) 0 0

 Treosulfan, fludarabine, and total-body irradiation at a 
dose of 200 cGy

43 (31) 64 (19) 7 (7)

 Busulfan with either cyclophosphamide or fludarabine 0 127 (37) 54 (55)

 Cyclophosphamide and total body irradiation at a dose 
of 1200 or 1320 cGy

0 153 (44) 37 (38)

GVHD prophylaxis — no. (%)†

 Cyclosporine and mycophenolate mofetil 140 (100) — —

 Tacrolimus and methotrexate — 268 (78) 98 (100)

 Other — 76 (22) —

Presence of minimal residual disease — no./total no. (%) 45/137 (33) 104/331 (31) 35/90 (39)

*
The chi-square test was used for categorical variables, and analysis of variance for continuous variables. GVHD denotes graft-versus-host disease.

†
P<0.001 for the difference in the distribution of characteristics among the three groups.

‡
Race was self-reported.

§
Disease risk was categorized as low, intermediate, high, or very high, as previously described.14 P<0.01 for the difference in the distribution of 

characteristics among the three groups.
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Table 2

Adjusted Cox Regression Models for Analyses of Death and Relapse, According to Minimal Residual Disease 

Status.*

Outcome Hazard Ratio (95% CI) P Value

Death

 Patients without minimal residual disease

  Cord-blood group 1.00 —

  HLA-matched group 0.78 (0.48–1.28) 0.33

  HLA-mismatched group 1.36 (0.76–2.46) 0.30

 Patients with minimal residual disease

  Cord-blood group 1.00 —

  HLA-matched group 1.69 (0.94–3.02) 0.08

  HLA-mismatched group 2.92 (1.52–5.63) 0.001

Relapse

 Patients without minimal residual disease

  Cord-blood group 1.00 —

  HLA-matched group 1.30 (0.65–2.58) 0.46

  HLA-mismatched group 1.28 (0.51–3.25) 0.60

 Patients with minimal residual disease

  Cord-blood group 1.00

  HLA-matched group 2.92 (1.34–6.35) 0.007

  HLA-mismatched group 3.01 (1.22–7.38) 0.02

*
The analyses were adjusted for age (as a cubic polynomial), severity of disease, year of transplantation (as a continuous linear variable), use or 

nonuse of high-dose total-body irradiation, and presence or absence of minimal residual disease (in cases in which the interaction with donor group 
was not deemed to be important). Data on minimal residual disease status were missing for 3 patients in the cord-blood group, for 13 in the HLA-
matched group, and for 8 in the HLA-mismatched group.
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Table 3

Effect of Minimal Residual Disease on Mortality and Risk of Relapse, According to Donor Group.*

Donor Group Overall Mortality Risk of Relapse

Hazard Ratio (95% CI) P Value Hazard Ratio (95% CI) P Value

HLA-matched group 2.34 (1.59–3.45) <0.001 3.23 (2.01–5.19) <0.001

HLA-mismatched group 2.33 (1.32–4.09) 0.003 3.37 (1.39–8.15) 0.007

Cord-blood group 1.09 (0.57–2.08) 0.80 1.43 (0.58–3.57) 0.44

*
The hazard ratio represents the adjusted risk of treatment failure among patients with minimal residual disease as compared with those without 

minimal residual disease. The analyses were adjusted for age (as a cubic polynomial), severity of disease, year of transplantation (as a continuous 
linear variable), and use or nonuse of high-dose total-body irradiation. Data on minimal residual disease status were missing for 3 patients in the 
cord-blood group, for 13 in the HLA-matched group, and for 8 in the HLA-mismatched group.
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