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A B S T R A C T

For pediatric patients with acute lymphoblastic leukemia (ALL), relapse is an important cause of treatment
failure after unrelated cord blood transplant (UCBT). Compared with other donor sources, relapse is similar
or even reduced after UCBT despite less graft-versus-host disease (GVHD). We performed a retrospective anal-
ysis to identify risk factors associated with the 5-year cumulative incidence of relapse after UCBT. In this
retrospective, registry-based study, we examined the outcomes of 640 children (<18 years) with ALL in first
complete remission (CR1; n = 257, 40%) or second complete remission (CR2; n = 383, 60%) who received
myeloablative conditioning followed by a single-unit UCBT from 2000 to 2012. Most received antithymocyte
globulin (88%) or total body irradiation (TBI; 69%), and cord blood grafts were primarily mismatched at 1 (50%)
or 2+ (34%) HLA loci. Considering patients in CR1, the rates of 5-year overall survival (OS), leukemia-free sur-
vival (LFS), and relapse were 59%, 52%, and 23%, respectively. In multivariate analysis (MVA), acute GVHD (grades
II to IV) and TBI protected against relapse. In patients in CR2, rates of 5-year OS, LFS, and the cumulative in-
cidence of relapse were 46%, 44%, and 28%, respectively. In MVA, longer duration from diagnosis to UCBT (≥30
months) and TBI were associated with decreased relapse risk. Importantly, receiving a fully HLA matched graft
was a strong risk factor for increased relapse in MVA. An exploratory analysis of all 640 patients supported
the important association between the presence of acute GVHD and less relapse but also demonstrated an
increased risk of nonrelapse mortality. In conclusion, the impact of GVHD as a graft-versus-leukemia marker
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is evident in pediatric ALL after UCBT. Strategies that promote graft-versus-leukemia while harnessing GVHD
should be further investigated.

© 2017 American Society for Blood and Marrow Transplantation.

INTRODUCTION
Modern risk-based chemotherapy regimens are curative

for many children and adolescents with de novo acute lym-
phoblastic leukemia (ALL) [1]. An additional subset of patients
can achieve long-term remission with allogeneic hemato-
poietic stem cell transplantation (HSCT), but outcomes are
poor for those who relapse after HSCT. Current practice is to
offer HSCT to patients with high-risk disease in first com-
plete remission (CR1) or relapsed disease once a second
complete remission (CR2) is achieved. The curative effect of
HSCT is due to the use of high-dose chemotherapy with or
without total body irradiation (TBI) along with the poten-
tial for the graft-versus-leukemia (GVL) effect. It is well
established that the GVL effect, likely due to immune sur-
veillance provided by donor natural killer and T cells, is
important in eradicating leukemia after allogeneic HSCT [2-5],
although the GVL effect in ALL may be weaker than in other
malignancies [6-8]. Select clinical reports have demon-
strated lower rates of relapse in pediatric patients with ALL
who experience graft-versus-host disease (GVHD) after HSCT,
providing indirect evidence of GVL actions in this disease
[9-11].

For children and adolescents with ALL in need of HSCT,
the use of unrelated donor cord blood (UCB) offers several
benefits, including rapid procurement, more lenient HLA
matching, and lower rates of GVHD [12]. Clinical reports have
also demonstrated lower rates of relapse after UCB trans-
plantation (UCBT) as compared with other donor sources
[13-19]. The benefits of UCBT have historically been offset by
higher nonrelapse mortality (NRM). Recent outcomes are
similar to those seen with other donor sources [13,20,21]. Out-
comes after UCBT for pediatric ALL have been described as
part of larger prospective [9,16,22,23] and retrospective
[18,24-26] studies, but a focused examination of factors in-
fluencing relapse in pediatric ALL recipients after UCBT is
needed. In this report we describe the long-term outcomes
of a collaborative effort between Eurocord, European Society
of Blood and Marrow Transplantation (EBMT), and Duke Uni-
versity Pediatric Blood and Marrow Transplant Program to
define risk factors associated with relapse and other out-
comes after UCBT for pediatric ALL.

METHODS
Study Design

Eligible patients were <18 years old with a diagnosis of de novo ALL in
morphologic CR1 or CR2. All patients received myeloablative conditioning
followed by transplantation with a single, nonmanipulated UCB unit as their
first graft. All UCBTs were performed from 2000 through 2012 to allow for
long-term outcomes to be considered. Patients with diagnoses of biphenotypic
leukemia, secondary or treatment-related leukemia, or with history of prior
HSCT were excluded. Data on patient and graft characteristics and on out-
comes were collected from the Eurocord or Duke University Pediatric Blood
and Marrow Transplant Program clinical databases. All participating EBMT
transplant centers received the synopsis of the study and gave their ap-
proval. The Institutional Review Boards of the Eurocord-Netcord scientific
committee and Duke University approved this study. All patients gave in-
formed consent for treatment and for data entry and use for analysis in
accordance with the Declaration of Helsinki.

Definitions and Endpoints
The primary endpoint for this analysis was the cumulative incidence of

relapse, defined as morphologic recurrence of leukemia at any site. Sec-

ondary endpoints included leukemia-free survival (LFS) defined as survival
while in continuous CR, overall survival (OS), and NRM defined as death oc-
curring while in remission.

Neutrophil recovery was defined as achieving an absolute neutrophil
count ≥ .5 × 109/L for 3 consecutive days. Platelet recovery was defined as
achieving a platelet count ≥ 20 × 109/L without transfusion support. Full donor
chimerism was defined as ≥95% cells of donor origin and mixed chimera was
between ≥5% and <95% donor cells, as measured using techniques accord-
ing to the individual transplant center. The diagnosis and grading of acute
(aGVHD) and chronic GVHD (cGVHD) was assigned by the transplant center
using standard criteria [27,28]. Myeloablative conditioning was defined as
containing either TBI with a dose > 8 Gy, a total dose of busulfan > 8 mg/kg
orally, or intravenous equivalent.

HLA matching was assigned at the antigen level for class I –A and –B
loci and at the allelic level for class II –DRB1. Cytogenetic findings were con-
sidered to be high risk if any of the following was present: BCR/ABL [t(9.22)],
t(1,19), MLL rearrangements [t(4,11)], hypodiploid, or complex (>3 abnor-
malities); intermediate if abnormalities not considered high risk were present;
normal if no abnormalities were detected; or missing if not available. Pres-
ence or absence of minimal residual disease (MRD) before UCBT was available
for a subset of the cohort (n = 215) but was not considered in the analysis.

Statistical Approach
Separate analyses were performed for patients in CR1 and CR2 to account

for the fact that disease status is a well-established predictor of outcomes
after HSCT [23,29]. An exploratory analysis was also performed that in-
cluded all patients in the study cohort. The probabilities of relapse, NRM,
aGVHD, and cGVHD were estimated using the cumulative incidence func-
tion method in a competing risk setting treating death and relapse as
competing events [30]. Differences between subgroups were compared using
the Gray K-Sample test [31]. Probabilities of OS and LFS were calculated with
the use of the Kaplan-Meier estimator, and differences between groups were
compared using the log-rank statistics [32]. Cox proportional hazards re-
gression was used to create prognostic multivariate models [33]. Factors
known as potential prognostic factors and all factors associated with a P < .10
in the univariate analysis were included in the final models. The presence
of aGVHD or cGVHD was considered as time-dependent variables. Statisti-
cal analyses were performed with SPSS 22 (SPSS Inc./IBM, Armonk, NY) and
R 3.2.3 (R Development Core Team, Vienna, Austria) software packages.

RESULTS
Patient, donor, and transplantation characteristics are pre-

sented in Table 1. From 2000 to 2012, 640 children or
adolescents (median age, 6.3 years) with ALL in either mor-
phologic CR1 (n = 257; 40.2%) or CR2 (n = 383; 59.8%)
underwent UCBT at an EBMT and Eurocord participating
center (99 centers) or Duke University. Most patients were
transplanted for B cell lineage ALL (79.2%). Patients and grafts
were HLA matched (15.6%) or mismatched at 1 (50.1%) or ≥2
(34.3%) loci.

Most patients (68.8%) received TBI-containing regimens,
most commonly TBI + cyclophosphamide (23.9%). Most TBI-
containing regimens delivered total fractionated doses of 1200
to 1350 cGy (86%; range, 800 to 1500 cGy). The use of TBI-
containing regimens was generally limited to children aged
≥ 3 years (94.5%), whereas 51.3% of patients who received
chemotherapy-only regimens were younger than 3 years old.
No infants (<12 months of age) received TBI. The most common
chemotherapy-based regimen was busulfan + cyclophos-
phamide (15.8%), with most patients receiving a total busulfan
dose of 16 mg/kg (data regarding busulfan pharmacokinet-
ics not available). Most patients (88.0%) received antithymocyte
globulin before UCBT. The median total nucleated cell dose
was 5.0 × 107/kg (range, .3 to 35.4). GVHD prophylaxis was
primarily cyclosporine-based with corticosteroids (72.3%) or
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mycophenolate mofetil (21.3%). The median follow-up was
50.1 months (range, 2 to 172.3) for the overall cohort.

The cumulative incidence of aGVHD (grades II to IV) and
cGVHD at 5 years post-transplant was 40.4% (95% confi-
dence interval [CI], 36.5 to 44.2) and 17% (95% CI, 14.1 to 20.2),
respectively, for the overall cohort. aGVHD grades II to IV was
experienced by 248 patients (grade II, 163; grades III to IV, 85)
in a median of 18 days (range, 4 to 99) after UCBT. cGVHD
was observed in 105 patients (CR1, 41; CR2, 64); 45 pre-
sented with extensive disease (CR1, 21; CR2, 24). Similar rates
of aGVHD and cGVHD were observed in patients in CR1 and
CR2.

Relapse
Considering the patients transplanted while in CR1, the

cumulative incidence of relapse at 5 years was 23.4% (95% CI,
18.0 to 29.0; Figure 1A), with a median time from UCBT to
identification of relapse of 7.5 months (range, 1 to 65). In mul-
tivariate analysis, 2 factors were independently associated with
less relapse in patients in CR1: the presence of aGVHD (grades
II to IV) as a time-dependent variable (hazard ratio [HR], .32;
95% CI, .14 to .70; P = .004) and receiving TBI-containing regi-
mens (HR, .53; 95% CI, .29 to .99; P = .04; Table 2, Figure 2A).
Although the median age of patients in CR1 who received TBI

was older (8.1 versus 4.3 years), age at transplant was not a
significant predictor of relapse. The risk of relapse was also
not influenced by the degree of HLA matching, the GVHD pro-
phylaxis used, or the presence of cGVHD in these patients.

The cumulative incidence of relapse in patients trans-
planted while in CR2 was 27.8% (95% CI, 23.2 to 32.6;
Figure 1A), with a median time to relapse of 5.9 months
(range, 1 to 65) after UCBT. In multivariate analysis 3 factors
were associated with a lower risk of relapse (Table 2): HLA-
mismatched cord blood grafts (HR, .53; 95% CI, .30 to .94;
P = .03), the use of TBI-containing regimens (HR, .56; 95% CI,
.34 to .93; P = .03), and an interval of ≥30 months from orig-
inal diagnosis to UCBT (HR, .41; 95% CI, .25 to .67; P < .0001).

Leukemia-Free Survival
The 5-year probabilities of LFS for children transplanted in

CR1 and CR2 were 52.4% (95% CI, 49.0 to 55.8) and 43.9%
(95% CI, 41.2 to 46.6), respectively (Figure 1B). For patients in
CR1, the benefit of TBI-containing regimens extended to im-
proved LFS (60.2% versus 42.9%, P = .01, Figure 2B). Two factors
were predictive of LFS in multivariate analysis of patients in
CR1: regimens containing TBI (HR, .53; 95% CI, .35 to .82;
P = .004) and increasing age (in years; HR, 1.05; 95% CI, 1.01
to 1.09; P = .02; Table 2).

Table 1
Patient and Transplant Characteristics Based on Disease Status at Time of Transplant

Characteristics All
(N = 640)

CR1
(n = 257)

CR2
(n = 383)

% (n)

Patient
Median age at UCBT, yr (range) 6.4 (.5-17.9) 5.3 (.5-17.9) 6.9 (.7-17.9)
Gender, male 58.1 (370) 54.5 (139) 60.5 (231)
Cytomegalovirus serology, positive 44.8 (287) 44.4 (114) 45.2 (173)

Disease
Immunophenotype

B cell lineage 79.2 (507) 75.1 (193) 82.0 (314)
T cell lineage 17.5 (112) 21.4 (55) 14.9 (57)

Cytogenetic risk
High 36.3 (149) 48.5 (83) 27.5 (66)
Intermediate 36.7 (151) 32.7 (56) 39.6 (95)
Normal 27.0 (111) 18.8 (32) 32.9 (79)

Donor
Number of HLA mismatches

0 15.6 (95) 18.1 (45) 13.9 (50)
1 50.1 (305) 51.6 (128) 49.0 (177)
≥2 34.3 (209) 30.2 (75) 37.1 (134)

Median TNC, ×107/kg infused (range) 5.0 (.3-35.4) 5.5 (.3-29.9) 4.7 (.5-35.4)
Transplantation

Year of transplantation
<2007 51.2 (328) 47.9 (123) 53.5 (205)
≥2007 48.8 (312) 52.1 (134) 46.5 (178)

Median time from diagnosis to UCBT, mo (range) 16.4 (1.8-154.7) 6.7 (1.8-32.7) 30.7 (2.3-154.5)
TBI-containing regimen

Yes 68.8 (439) 55.1 (141) 78.0 (298)
No 31.2 (201) 44.9 (116) 22.0 (85)

TBI-containing regimens
TBI + cyclophosphamide + fludarabine 9.9 (63) 8.2 (21) 11.0 (42)
TBI + other chemotherapy 58.8 (376) 46.7 (120) 66.8 (256)

Chemotherapy-based regimens
Busulfan + cyclophosphamide 16.1 (103) 23.7 (61) 11.0 (42)
Thiotepa + busulfan + fludarabine 8.3 (53) 11.3 (29) 6.3 (24)
Other chemotherapy 7.1 (45) 10.1 (26) 5.0 (19)

Received serotherapy 88.0 (500) 86.2 (194) 89.2 (306)
Median follow-up, mo (range) 50.1 (1.7-172.4) 46.5 (2.4-172.4) 54.5 (1.7-172.2)
GVHD prophylaxis

Cyclosporine + steroids 72.3 (438) 70.6 (168) 73.4 (270)
Cyclosporine + mycophenolate mofietil 21.3 (129) 21.0 (50) 21.5 (79)
Other 6.4 (39) 8.4 (20) 5.2 (19)

Values are number of cases with percents in parentheses unless otherwise noted. TNC indicates total nucleated cell dose.
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Patients in CR2 experienced improved LFS when the in-
terval from initial diagnosis to UCBT was ≥30 months (50.9%
versus 36.8%, P = .001). Recipients of HLA-mismatched grafts
experienced improved LFS, but this was not statistically sig-
nificant (45.6% versus 32.4%, P = .09). In multivariate modeling,
longer interval from diagnosis to UCBT (HR, .62; 95% CI, .45
to .88; P = .006) and increasing age (in years; HR, 1.05; 95%
CI, 1.01 to 1.09; P = .04) were both predictive of LFS after ad-
justing for other variables (Table 2).

OS, NRM, and Causes of Death
The probability of OS at 5 years was 58.8% (95% CI, 55.4

to 62.2) for patients in CR1. Patients who received TBI-
conditioning regimens (HR, .51; 95% CI, .32 to .79; P = .003)
had a lower risk of death at 5 years (Table 2), whereas
increasing age (in years) negatively impacted OS (HR, 1.05;
95% CI, 1.01 to 1.09; P = .03). Of the 257 patients in CR1, 99
patients died due to relapse (n = 38), NRM (n = 57), or

unknown causes (n = 3). Causes of NRM included infection
(n = 28), organ toxicity (n = 11), GVHD (n = 9), hemorrhage
(n = 6), rejection (n = 1), Epstein-Barr virus–associated
lymphoproliferative disease (n = 1), or other (n = 1). Risk
factors associated with NRM in multivariate analysis in-
cluded receiving a mismatched cord blood graft (HR, 3.79;
95% CI, 1.17 to 12.35; P = .03) and increasing age (in years;
HR, 1.06; 95% CI, 1.01 to 1.12; P = .03; Table 2). There was
also a trend toward improved NRM in patients who re-
ceived TBI (HR, .58; 95% CI, .32 to 1.02; P = .06).

The 5-year probability of OS was 46.3% (95% CI, 43.5-
49.1) in patients in CR2. In multivariate analysis, 3 factors were
associated with OS: longer duration from diagnosis to UCBT
(>30 months; HR, .61; 95% CI, .43 to .86; P = .005; Table 2),
increasing age (in years; HR, 1.05; 95% CI, 1.01 to 1.10; P = .03;
Table 2), and the use of serotherapy (HR, 1.84; 95% CI, 1.01 to
3.36; P = .04). Of the 383 total patients in CR2, 191 patients
died due to relapse (n = 79), NRM (n = 110), or unknown causes
(n = 2). Causes of NRM included infection (n = 46), organ tox-
icity (n = 21), GVHD (n = 19), rejection (n = 9), hemorrhage
(n = 6), Epstein-Barr virus–associated lymphoproliferative
disease (n = 4), or other causes (n = 5). The risk of NRM was
higher in patients with aGVHD (grades II to IV; HR, 1.67; 95%
CI, 1.05 to 2.66; P = .03) or with a diagnosis of T cell ALL (HR,
1.78; 95% CI, 1.03 to 3.09; P = .04) and increased with age (in
years; HR, 1.07; 95% CI, 1.01 to 1.14; P = .03; Table 2).

Overall Cohort
Based on the above results and driven by inspection of the

data, we then performed an exploratory analysis of the entire
cohort. Considering all 640 patients, the 5-year cumulative
incidences of relapse, LFS, and OS were 26% (95% CI, 22.4 to
29.7), 47.4% (95% CI, 45.3 to 49.5), and 51.3% (95% CI, 49.2 to
53.4), respectively. The median time to diagnosis of relapse
was 6 months (range, 1.1 to 65) after UCBT. Although no dif-
ferences were noted between patients in CR1 and CR2 with
respect to rates of aGVHD, cGVHD, NRM, or relapse in uni-
variate analysis, patients transplanted in CR1 experienced
improved LFS (52.4% versus 44%, P = .03) and OS (58.8% versus
46.4%, P = .009) as compared with those transplanted while
in CR2.

In the overall cohort the risk of relapse after UCBT was
lower in patients who experienced any GVHD (aGVHD grades
II to IV or cGVHD; HR, .51; 95% CI, .34 to .76; P = .0008). Further
analysis revealed that aGVHD grade II (HR, .59; 95% CI, .38
to .94; P = .025; Table 3) was associated with less relapse but
did not impact NRM, LFS, and OS. Although not associated
with relapse, grades III to IV aGVHD increased the risk of NRM
(HR, 3.19; 95% CI, 1.93 to 5.27; P < .0001), leading to de-
creased LFS (HR, 1.51; 95% CI, 1.02 to 2.24; P = .04) and OS
(HR, 1.94; 95% CI, 1.28 to 2.94; P = .002). Multivariate models
did not demonstrate an association between cGVHD with
relapse, NRM, or LFS, but cGVHD was associated with im-
proved OS (HR, .57; 95% CI, .35 to .93; P = .03). The impact
of disease status on outcomes was also demonstrated in mul-
tivariate analysis. Patients transplanted in CR2 were more
likely to experience relapse (HR, 1.63; 95% CI, 1.10 to 2.40;
P = .01) leading to worse LFS (HR, 1.35; 95% CI, 1.02 to 1.79;
P = .04) and OS (HR, 1.51; 95% CI, 1.11 to 2.06; P = .008).

A subgroup analysis performed in the separate cohorts
demonstrated improved outcomes in patients who received
TBI + fludarabine + cyclophosphamide conditioning. We further
explored this finding in the overall cohort. Although the con-
ditioning regimen was not predictive of relapse, the use of
TBI + fludarabine + cyclophosphamide was associated with

A

B

Figure 1. (A) The estimated 5-year cumulative incidence of relapse in chil-
dren with ALL in CR1 or CR2 at time of UCBT. The cumulative incidence of
relapse at 5 years was 23.4% (95% CI, 18.0 to 29.0) and 27.8% (95% CI, 23.2
to 32.6) for children in CR1 and CR2, respectively. (B) The 5-year probabil-
ity of LFS in children with ALL in CR1 or CR2 at time of UCBT. The LFS was
52.4% (95% CI, 49.0 to 55.8) and 43.9% (95% CI, 41.2 to 46.6) for children in
CR1 and CR2, respectively.
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a lower risk of NRM, improved OS, and a trend to improved
LFS as compared with other TBI-containing regimens (Table 3;
NRM: HR, 6.42; 95% CI, 1.33 to 30.94; P = .02; OS: HR, 2.84;
95% CI, 1.09 to 7.41; P = .03; LFS: HR, 2.32; 95% CI, .99 to
5.46; P = .05). OS and LFS was also improved for those who
received TBI + fludarabine + cyclophosphamide as com-
pared with chemotherapy-only regimens (OS: HR, 3.08; 95%
CI, 1.15 to 8.26; P = .03; LFS: HR, 2.89; 95% CI, 1.20 to 6.94;
P = .02).

DISCUSSION
The aim of this retrospective registry-based study was to

identify the impact of clinical factors on long-term out-
comes including relapse after UCBT in a cohort of children
and adolescents with ALL. These results provide insight into
outcomes of pediatric recipients of UCBT beyond the clini-
cal endpoints typically reported in the literature. To our
knowledge, this study is the largest analysis to date focused
solely on recipients of UCBT for pediatric ALL with a long-
term follow-up.

The impact of GVHD and, by extension, GVL effect on
relapse after UCBT for pediatric ALL was an important
finding of this study. A select number of studies have shown
an impact of aGVHD [10,34,35] or cGVHD [11,36] on relapse
after related or unrelated bone marrow HSCT for pediatric
acute leukemia. Pulsipher et al. [9] observed that aGVHD and
pretransplant MRD, independently and in combination, in-
fluenced the risk of relapse after HSCT for pediatric ALL after
controlling for graft source and other variables. Our results,
focused on single cord pediatric recipients with ALL, are con-
sistent with the recent findings of Chen et al. [26] after UCBT
(single and double) in patients with ALL or acute myeloid leu-
kemia. They also observed a strong association between
antithymocyte globulin use with relapse and NRM, which our
results did not support.

Our results also demonstrated the delicate balance
between GVL effect and GVHD. Although the presence of
aGVHD grade II decreased relapse, patients who experi-
enced grades III to IV were at higher risk of NRM without the
benefit of less relapse. Therefore, efforts to harness GVHD with
the goal of enhancing GVL effect are not without risk. Despite
this, it is common practice to rapidly withdraw immuno-

suppression once relapse has occurred. Others have used also
this approach to prevent relapse after HSCT in the setting of
increasing host chimerism with tolerable rates of GVHD and
some clinical effect [37-39]. It remains unclear if this ap-
proach could be extended to patients without signs of
impending relapse. Our results suggest that high-risk pa-
tients, especially those transplanted in CR1 as compared with
patients in CR2, could benefit from more rapid tapers of im-
munosuppression. Given that most patients relapse beyond
the first 100 days post-UCBT, it would be very reasonable to
consider weaning immunosuppression in patients without
active GVHD at that point. However, further studies are needed
to define the optimal timing and the efficacy of this ap-
proach. The potential risk of such an approach would be
increased risk of GVHD-associated NRM, although patients
more commonly died of infectious causes and not GVHD in
this current study. Improvements in supportive care could help
to offset potential increases in NRM, especially in older chil-
dren and adolescents. Promising early-phase results using ex
vivo cord blood graft expansion technologies may allow for
more rapid immune recovery also leading to improved NRM
[40-43].

One approach that has been suggested is to use cord blood
grafts intentionally mismatched to the recipient in an effort
to enhance the GVL effect. Our results indicate that the use
of HLA-mismatched grafts decreased the risk of relapse by
nearly half in patients in CR2, without any associated in-
crease in NRM. Outcomes of patients in CR2 were nearly
identical whether a 4/6 or 5/6 HLA-matched graft was used
with respect to relapse, LFS, OS, and NRM. Although there was
a trend toward higher cGVHD in recipients of 4/6 HLA-
matched grafts, there was no increase in aGVHD (data not
shown). Our study supports the earlier finding of Eapen et al.
[18], who noted lower relapse in pediatric leukemia pa-
tients who received 4/6 conventionally HLA-matched grafts.
More recently, Eapen et al. [44] demonstrated the importance
of allelic high-resolution matching, including HLA-C loci, on
NRM after UCBT, but they did not observe any impact on
relapse or OS. Interestingly, HLA matching was not a significant
predictor of relapse for patients in CR1 or in the overall cohort,
whereas aGVHD was associated with less relapse in both set-
tings. It is possible that HLA matching is serving as a surrogate

Table 2
Significant Predictors in Multivariate Analyses of Patients Transplanted in Either CR1 or CR2

Outcome Variable* Patients in CR1 Patients in CR2

HR (95% CI) P HR (95% CI) P

Relapse aGVHD (time-dependent variable) .32 (.14-.70) .004
TBI-containing regimen .53 (.29-.99) .04 .56 (.34-.93) .03
HLA-mismatched graft .53 (.30-.94) .03
Longer duration from diagnosis to UCBT (≥30 mo)† .41 (.25-.67) <.001

LFS Age at UCBT, yr 1.05 (1.01-1.09) .02 1.05 (1.01-1.09) .04
TBI-containing regimen .53 (.35-.82) .004
Longer duration from diagnosis to UCBT (≥30 mo)† .62 (.45-.88) .006

OS Age at UCBT, yr 1.05 (1.01-1.09) .03 1.05 (1.01-1.10) .03
TBI-containing regimen .51 (.32-.79) .003
Longer duration from diagnosis to UCBT (≥30 mo) † .61 (.43-.86) .005
Use of serotherapy† 1.84 (1.01-3.36) .04

NRM aGVHD (time-dependent variable) 1.67 (1.05-2.66) .03
Age at UCBT, yr 1.06 (1.01-1.12) .03 1.07 (1.01-1.14) .03
HLA-mismatched graft 3.79 (1.17-12.35) .03 .81 (.39-1.71)
T cell ALL† 1.78 (1.03-3.09) .04

* Models including patients in CR1 or CR2 adjusted for the following variables: presence of aGVHD (grades II-IV) as a time-dependent variable, presence of
cGVHD as a time-dependent variable, age at UCBT (in years), TBI-containing regimen (yes/no), HLA matching (<6 of 6 loci vs. 6 of 6), and year of transplant.

† These additional variables were included in the CR2 multivariate model: longer duration from diagnosis to UCBT (≥30 months), T cell ALL (vs. B cell), and
use of serotherapy (yes/no).
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for aGVHD in the CR2 cohort, but that is only speculative.
Therefore, the use of intentionally mismatched cord blood
graft, especially in patients in CR2, is intriguing and war-
rants further investigation.

TBI has been a mainstay of conditioning regimens used
in patients with ALL [45-47]. Concerns regarding the con-
siderable late effects associated with TBI [48], including
neurocognitive effects [49-51], have led to the practice of using
chemotherapy-based regimens in young children. Older chil-
dren and adolescents routinely receive TBI as part of
conditioning, although TBI-sparing strategies in this popu-
lation continue to be explored [52-54]. Our results, after
adjusting for age and other clinical factors, support the use
of TBI as a critical component of treatment. Less relapse was
observed in patients in CR1 and CR2 receiving TBI-containing

regimens without any increase in NRM. TBI-containing regi-
mens were also associated with improved LFS and OS in
patients in CR1. Recently, Eapen et al. [55] showed an ad-
vantage after UCBT for pediatric patients who received TBI +
fludarabine + cyclophosphamide conditioning. This led us to
perform an exploratory analysis in the overall cohort. In mul-
tivariate analysis of the larger cohort, the use of the
TBI + fludarabine + cyclophosphamide regimen did not
improve the risk of relapse but was associated with lower
NRM, leading to improved 5-year LFS and OS. Two prospec-
tive UCBT trials in pediatric leukemia have reported low
overall rates of relapse associated with this regimen [16,22],
making this an intriguing conditioning regimen in pediatric
ALL.

Our results do not necessarily suggest that the use of TBI
should be extended to young children who may be subject
to significant neurocognitive deficits after TBI [56-58]. Young
children are also at risk for certain late effects related to
myeloablative conditioning [59]. Therefore, the decision to
use TBI in younger children should balance disease-related
factors with these known potential late effects. It is also im-
portant to acknowledge that clinicians may have selected non-
TBI regimens based on patient-specific comorbidities,
including age. Importantly, we also investigated in a sub-
group analysis whether very young patients (<2 years old)
and those with t(4,11) influenced the outcomes in patients
receiving chemotherapy-based regimens. Our results (data
not shown) indicated no significant differences in out-
comes between recipients of chemotherapy-only regimens
(<2 years versus older children). In summary, our results
support the use of TBI as currently practiced for children and
adolescents, especially in patients in CR1, in reducing relapse
without additional NRM.

Limitations to this study include the retrospective nature
and the use of registry-based data. Although pretransplant
MRD status was available for a portion of the patients, we
elected not to include these data in the analysis because of
the amount of missing data and acknowledge that it is a lim-
itation of the study. Pretransplant MRD status has been shown
in pediatric ALL to be a strong independent predictor of out-
comes after HSCT [9,29,60,61], and although techniques have
been significantly refined over the years, the optimal timing
and clinical application of post-HSCT MRD testing contin-
ues to be explored. Continued advances in cellular and
immunotherapy may also provide more effective approaches
to management of MRD and relapse post-HSCT.

In summary, our results support the presence of a GVL
effect in pediatric ALL after UCBT. We observed that pa-
tients who experienced aGVHD, especially those transplanted
while in CR1, were less likely to relapse. Strategies to enhance
the GVL effect after UCBT should be further explored. On
the basis of this study, the use of TBI in conditioning regi-
mens should be strongly considered for patients given the
lower cumulative incidence of relapse observed in all patients
and a survival advantage in patients in CR1. Altogether, op-
timizing these clinical factors could lead to improved
outcomes in pediatric patients receiving a UCBT transplant
for ALL.
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Relapse aGVHD grade II as a time-dependent variable .59 (.39-.94) .03
CR2 1.63 (1.10-2.40) .01

LFS aGVHD grades III-IV as a time-dependent variable 1.51 (1.02-2.24) .04
Conditioning regimen (TBI + fludarabine + cyclophosphamide)
TBI + other 2.32 (.99-5.46) .05
Chemotherapy only 2.89 (1.20-6.94) .02
CR2 1.35 (1.02-1.79) .04

OS aGVHD grades III-IV as a time-dependent variable 1.94 (1.28-2.94) .002
cGVHD as a time-dependent variable .57 (.35-.93) .03
Conditioning regimen (TBI + fludarabine + cyclophosphamide)
TBI + other 2.84 (1.09-7.41) .03
Chemotherapy only 3.08 (1.15-8.23) .03
CR1 .67 (.49-.90) .009

NRM aGVHD grades III-IV as a time-dependent variable 3.19 (1.93-5.27) <.0001
Age at transplant in years 1.07 (1.02-1.14) .01
Conditioning regimen (TBI + fludarabine + cyclophosphamide)
TBI + other 6.42 (1.33-30.94) .02
Chemotherapy only 4.88 (.96-24.68) .05

All models included the following variables: grade II aGVHD as a time-dependent variable, aGVHD grades III-IV as a time-dependent variable, cGVHD as a
time-dependent variable, disease state (CR1 or CR2), leukemia phenotype (B cell vs. T cell ALL), history of central nervous system leukemia (yes or no), age at
time of transplantation (in years), year of transplantation, total nucleated cell dose adjusted for patient weight, conditioning regimen (TBI + fludarabine + cy-
clophosphamide vs. other TBI regimens vs. chemotherapy-only regimen), GVHD prophylaxis (cyclosporine + steroids or mycophenolate mofietil or other regimen),
and treatment center.
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