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Abstract Umbilical cord blood transplantation (UCBT)
with two units has been conducted with promising results
in adults to overcome the limitation of low cell numbers. In
an attempt to improve the outcomes, double UCBT was
performed in children and adolescents. Sixty-one patients,
including 44 acute leukemia, and 17 other hematologic
diseases, received double UCBT. Donor-type engraftment
achieved in 82% of patients. Except one patient with
persistent mixed chimerism of two units, other 49 patients
showed dominancy of one unit and only the CFU-GM was
significant factor influencing dominancy. The event-free
survival (EFS) of leukemia and other hematologic disease
were 59% and 53%, respectively, and the EFS of acute
leukemia patients who received transplant in first or second
CR (68.6%) was significantly better than in those with
advanced disease (22.2%) (P=0.007). Among the factors
influencing outcomes, low cell dose difference between two
units (TNC difference/TNC of large unit <15%) were
associated with higher TRM, relapse, and lower EFS.
Double UCBT was a promising modality of transplant in
children and adolescence. However, engraftment and other
results were not so satisfactory yet. To improve the

outcomes, development of new selection guideline,
probably including cell dose difference between two units
and technology to enhance engraftment and reduce
transplantation-related mortality are warranted.
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Introduction

Since the first successful transplantation of umbilical cord
blood cells was used to treat a patient with Fanconi anemia
in 1988 [1], umbilical cord blood transplantation (UCBT)
has become an alternative to bone marrow transplantation
(BMT) in the treatment of a variety of diseases. Recent
series of studies revealed the promising outcomes of cord
blood transplantation that are comparable to the results for
transplant of unrelated bone marrow (BM) [2–6] .

Cord blood cells have many theoretical advantages as
grafts for stem cell transplantation because of their
immaturity. Compared with those of adults, umbilical cord
blood (UCB) stem cells produce larger in vitro hematopoi-
etic colonies, and can be expanded in long-term culture in
vitro. The properties of UCB cells should theoretically
compensate for the relatively low numbers of cells
contained in a single UCB unit, and through rapid
expansion reconstitute myeloablated patients with 1–2 logs
fewer nucleated cells than bone marrow. However, low cell
numbers compromise outcome if infused cell doses fall
below critical limits [7]. To enhance engraftment, ex vivo
expansion of UCB cells has been attempted in several
studies with limited success [8]. Recently, the transplanta-
tion of two partially HLA-matched UCB units has been
attempted in adults with promising engraftment result [9],
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but this method is at an early stage of development and
little is known about the underlying mechanism of double
UCBT.

Engraftment failure is a problem when using a single
unit even in pediatric patients with relatively lower body
weight than adults as shown in a recent prospective study of
COBLT [10]. In an attempt to improve outcomes, we
performed UCBT with two units in pediatric patients and
present the analysis of the results and the factors that affect
the outcomes.

Patients and methods

Patients and cord blood unit selection

A total of 61 patients diagnosed with acute leukemia [25
acute myeloid leukemia (AML), 19 acute lymphoblastic
leukemia (ALL)] including nine advanced disease [third
complete remission (CR), refractory disease, second trans-
plantation] or other hematologic diseases were given
transplants of two UCB units consecutively at Seoul
National University Children's Hospital and Samsung
Medical Center between March 2004 and August 2007.
Matched related or unrelated BM or peripheral blood stem
cell donor was not available in all patients. Median age and
body weight of patients (43 male and 18 female) were
9 years (1–18 years) and 32 kg (9–72 kg), respectively. The
clinical characteristics of patients are summarized in
Table 1. Cord blood units were selected based on molecular
typing of 2 digits for human leukocyte antigen (HLA)-A, -
B, and -DRB1 loci, and total nucleated cells (TNC) dose.
Patients received two units of cord blood that were matched
with the recipient and with each other for 4–6/6 HLA-A, -
B, or -DRB1 loci and TNC with summing numbers in
paired units more than 3.0×107/kg at freezing. In the early
period of study, patients without appropriate single cord
blood unit (TNC<2.0×107/kg) were received double UCBT,
but after promising result of preliminary result [11], all
UCBT was done with two units. Written informed consent
was obtained from all patients prior to transplantation. The
use of human material for scientific purposes in this study
was approved by the Institutional Review Board of Seoul
National University Hospital (0603-142-170).

Treatment

Patients received various conditioning regimens and graft-
versus-host disease (GVHD) prophylaxis according to their
diseases status and supportive care accorded with the
guidelines for stem cell transplantation at each center
(Table 1) [11, 12]. All patietns received myeloablative dose
of total body irrdiation or busulfan except four patients who

received total body (or lymphoid) irradiation (4 Gy),
fludarabine (180 mg/m2) and intravenous (i.v.) busulfan
(6.4 mg/kg) including three acute leukemia and one aplastic
anemia [11].

Analysis of granulocyte-macrophage colony-forming units

For assay of granulocyte-macrophage colony-forming units
(CFU-GM), the cell suspension was centrifuged at 1,500 r.p.
m. for 10 min, washed once, then a cell count was performed
and 1 ml of a suspension of 5×105 nucleated cells prepared,
of which 0.2 ml (1×105 nucleated cells) was mixed with
2 ml of a progenitor assay medium or 0.3 ml (1.5×105

nucleated cells) was mixed with 3 ml of a progenitor assay
medium (MethoCult GF H4544, StemCell Technologies,
Vancouver, Canada). Finally, the samples containing 1×105

or 0.5×105 nucleated cells were plated in triplicate in 35×
10 mm culture dishes. The dishes were incubated at 37°C in
a humidified 5.5% CO2 incubator for 14 days and colonies
were counted using an inverted microscope.

Engraftment and chimerism analysis

Myeloid engraftment was defined as the first of 3 consecutive
days with an absolute neutrophil count (ANC) of 0.5×109/l,
and platelet recovery was defined to have occurred when the
platelet count reached 20×109/l without transfusion. Hema-
topoietic chimerism of BM was evaluated by serial analysis
of short tandem repeats at 1, 3, 6 months, and 1 year after
UCBT. The analytic method used was based on the
quantitative amplification of informative polymorphic short
tandem repeat regions in the recipient and donor using
AmpFlSTR profiler PCR amplification kit (Applied Biosys-
tems, Foster City, CA) as per the manufacturer's instructions.
Engraftment required hematologic recovery from donor-
origin cells and the dominant winner unit was determined
by chimerism analyses as the predominating donor unit.

Statistics

To compare the differences between means of cell doses
and GFU-GM in dominant and non-dominant units, a
Wilcoxon's signed-rank test was used. Differences between
categorical variables were analyzed by Chi-square test. The
Kaplan–Meier method and log-rank univariate comparisons
were used to calculate the incidence of GVHD and
engraftment and to evaluate overall survival, event-free
survival (EFS), relapse rate, and transplantation-related
mortality (TRM) rate. Transplantation-related mortality,
leukemia relapse, and primary engraftment failure without
autologous recovery were considered as events. For
multivariate analysis of prognostic factors affecting
survival, a Cox proportional hazard regression model was
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Acute leukemia Other hematologic disease Total

Median age, years (range) 12 (1–18) 7 (1–16) 9 (1–18)

Median body weight, kg (range) 37 (9–72) 20 (10–53) 35 (9–72)

Sex, No. (%)

Male 31 (70.5) 12 (70.6) 43 (70.5)

Female 13 (29.5) 5 (29.4) 18 (29.5)

Diagnosis, No. (%)

ALL 19 (31.2) – 19 (31.2)

CR1 9 (14.8) – 9 (14.8)

CR2 6 (9.8) – 6 (9.8)

Advanceda 4 (6.6) – 4 (6.6)

AML 25 (41.0) – 25 (41.0)

CR1 16 (26.2) – 16 (26.2)

CR2 4 (6.6) – 4 (6.6)

Advanceda 5 (8.2) – 5 (8.2)

Other hematologic disease 17 (27.9) 17 (27.9)

SAA – 4 (6.6) 4 (6.6)

JMML – 3 (4.9) 3 (4.9)

CML – 2 (3.3) 2 (3.3)

MDS – 2 (3.3) 2 (3.3)

CDA – 1 (1.6) 1 (1.6)

Fanconi anemia – 1 (1.6) 1 (1.6)

HLH – 1 (1.6) 1 (1.6)

Osteopetrosis – 1 (1.6) 1 (1.6)

Adrenoleukodystrophy – 1 (1.6) 1 (1.6)

Hodgkin disease – 1 (1.6) 1 (1.6)

Conditioning regimen, No. (%)

Busulfan based 29 (65.9) 13 (76.5) 42 (68.9)

TBI based 12 (27.3) 3 (17.6) 15 (24.6)

TBI/TLI plus busulfan based 3 (6.8) 1 (5.9) 4 (6.6)

Use of ATG, No. (%)

Yes 34 (77.3) 12 (70.6) 46 (75.4)

No 10 (22.7) 5 (29.4) 15 (24.6)

GVHD prophylaxis, No. (%)

CsA+MMF 37 (84.1) 16 (94.1) 53 (86.9)

CsA+steroid 4 (9.1) 1 (5.9) 5 (8.1)

CsA+MTX 2 (4.5) 0 (0.0) 2 (3.3)

CsA+steroid+MTX 1 (2.3) 0 (0.0) 1 (1.6)

HLA disparity, No. (%)

0/6+0/6 1 (2.3) 0 (0.0) 1 (1.6)

0/6+1/6 4 (9.1) 3 (17.6) 7 (11.5)

1/6+1/6 24 (54.5) 8 (58.8) 32 (52.5)

1/6+2/6 7 (15.9) 4 (23.5) 11 (18.0)

2/6+2/6 8 (18.2) 2 (11.8) 10 (16.4)

Median number of sum of infused cells

TNC, ×107/kg (range) 4.4 (0.7–18.4) 8.8 (2.5–16.5) 5.4 (0.7–18.4)

CD34+, ×105/kg (range) 1.9 (0.6–6.8) 2.5 (0.7–7.2) 2.1 (0.6–7.2)

CD3+, ×107/kg (range) 0.7 (0.1–3.4) 0.9 (0.5–2.9) 0.7 (0.1–3.4)

CFU-GM, ×105/kg (range) 0.6 (0.0–22.1) 6.0 (0.1–27.0) 0.7 (0.0–27.0)

Table 1 Clinical characteristics
and transplantation data

Abbreviations: ALL acute lym-
phoblastic leukemia, AML acute
myeloid leukemia, ATG antithy-
mocyte globulin, CDA congenital
dyserythropoietic anemia, CML
chronic myelocytic leukemia,
CsA cyclosporin, GVHD graft-
versus-host disease, HLH hemo-
phagocytic lymphohistiocytosis,
JMML juvenile myelomonocytic
leukemia, MMF mycophenolate
mofetil, MDS myelodysplastic
syndrome, MTX methotrexate,
SAA severe aplastic anemia, TBI
total body irradiation, TLI total
lymphoid irradiation, TNC total
nucleated cell
a Third complete remission, refrac-
tory disease or second transplanta-
tion
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used. Events were defined as engraftment failure, disease
progression, relapse or TRM. SPSS version 17.0 was used
for all statistical analyses, and statistical significance was
accepted when P<0.05.

Results

Engraftment

The median number of infused TNC, CD34+ cells, CD3+

cells, and CFU-GM, which were obtained by summing
numbers in paired units after thawing, were 5.4×107/kg
(0.7–18.4×107/kg), 2.1×105/kg (0.6–7.2×105/kg), 0.7×107/
kg (0.1–3.4×107/kg), and 0.7×105/kg (0.0–27.0×105/kg),
respectively. Donor-type engraftment (>90%) achieved in
50/61 patients (82.0%) excluding five engraftment failures
(failure of donor-type engraftment without hematologic
recovery), five autologous recoveries (failure of donor-type
engraftment with recipient type hematologic recovery), and
one early death. All autologous recovery occurred in other
hematologic disease (two juvenile myelomonocytic leuke-
mia, osteopetrosis, adrenoleukodystrophy, and congenital
dyserythropoietic anemia). The median number of days
required to reach an ANC of more than 0.5×109/l or 1.0×
109/l were 18 days (12–37 days) and 20 days (12–46 days),
respectively. Spontaneous platelet recovery to more than
20×109/l or 50×109/l required a median 46 days (26–
137 days) and 57 days (27–306 days), respectively,
excluding seven patients (who achieved WBC engraftment
but died before recovery of platelet). Sum of TNC dose (less
or more than median) did not affect the myeloid engraftment
(P=0.90). Although the number of pre-thawing TNC was
significantly correlated with post-thawing TNC (R=0.91, P=
0.00), nine patients received sum of post-thawing TNC less
than planned dose (3.0×107/kg), and one of them with sum
of TNC 2.7×107/kg failed in engraftment. The myeloid
engraftment of patients with acute leukemia (90.1%) was
better than those with other hematologic diseases (62.5%)
(P=0.03). But the platelet engraftment in patients with acute
leukemia (85.3%) was not significantly different from those
with hematologic diseases (65.3%) (P=0.246).

Determination of dominancy and associated factors

All of the 50 patients who achieved donor-type engraftment
showed dominance of one of the two units, except for one
patient who showed persistent mixed chimerism of two
cord blood units. We analyzed the factors associated with
the determination of dominance in 44 patients who had all
data of number of infused TNC, CD34+ cells, CD3+ cells
and CFU-GM, and only the CFU-GM was significant factor
influencing dominancy (Table 2).

Graft-versus-host disease

Grades II–IV acute GVHD occurred in 52% of patients,
with the majority being grade II and grades III–IV acute
GVHD occurring in only 10% of the 50 patients who
achieved donor-type engraftment. Of the 44 patients who
survived 100 days after UCBT, chronic GVHD occurred in
19 (43.2%) patients, including limited disease in nine
(20.5%) and extensive disease in ten (22.7%).

Survival data

The EFS of the 61 patients was 57.4%. The EFS for acute
leukemia and other hematologic diseases were 59.1% and
52.9%, respectively. Among acute leukemia patients the EFS
was significantly better in patients who received transplant in
first or second CR (68.6%) than in those with advanced
disease (22.2%) (P=0.007). In ALL, the EFS was signifi-
cantly worse in patients with advanced disease (0%) than in
those with first CR (66.7%) or second CR (66.7%) (P=
0.007). However, there was no difference in EFS in AML
patients with advanced disease (40.0%), first CR (75.0%) or
second CR (50.0%) (P=0.447) (Fig. 1).

Relapse rate

The relapse rate for the 44 acute leukemia patients was 19.0%.
The relapse rate of patients with advanced disease was
significantly higher (37.8%) than of patients in first or second
CR (13.8%). In ALL, patients with advanced disease (50%)
showed significantly higher relapse rate than those in CR1
(14.3%) or CR2 (0%) (P=0.014). There was no difference
between AML patients with advanced disease (25.0%), first
CR (13.4%) or second CR (33.4%) (P=0.763).

Infection and transplantation-related mortality

Cytomegalovirus (CMV) infection and CMV disease devel-
oped in 34 (55.7%) and 15 (24.6%) patients, respectively.
CMV diseases were pneumonia in six patients, retinitis in five,
enteritis in three, and hepatitis in one patient. Two patients
developed posttransplantation lymphoproliferative disorder
(PTLD). Fifteen patients died of TRM and the causes of TRM
are illustrated in Table 3.

HLA match and unit selection

The guidelines for selection of cord blood units in this
study is somewhat different from that of the Minnesota
group, which selected the first UCB unit to be matched
with the recipient for 4–6/6 HLA-A, -B, and -DRB1, and
the second unit had to be matched to both the recipient and
the first unit for 4–6/6 HLA-A, -B, and -DRB1 using
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intermediate-resolution antigen level typing for A and B
and high-resolution for DR [9, 13].

In our guidelines, we selected the UCB units using two-
digit HLA-DR typing. High-resolution DR typing was
performed in 56 patients, of which only 37 (66%) patients'
typing was consistent with the selection guidelines of the
Minnesota group. However, the survival of patients who
received UCB units selected in accordance with the
Minnesota guidelines (56.8%) and that of more mismatched
patients (63.2%) was not significantly different (P=0.527).
In 39 acute leukemia patients, the degree of HLA matching
in accordance with (58.3%) or different from (66.7%)

Minnesota guidelines also did not affect the EFS (P=
0.596). The incidence of chronic GVHD in patients who
received UCB units selected in accordance with the
Minnesota guidelines (10/25) and that of more mismatched
patients (6/10) was not significantly different (P=0.873).

Factors associated with outcomes

Engraftment was an important factor for EFS. In 61 patients,
the patients who failed to engraft (27.3%) showed significant-
ly lower survival than engrafted patients (64.0%) (P=0.000).
In acute leukemia, 4 patients who failed to engraft (0%) also

Fig. 1 Survival data. a Event-free survival (EFS) of 61 patients was
57.4%. b The EFS of acute leukemia and other hematologic disease was
59.1% and 52.9%, respectively. (P=0.524). c Among acute leukemia
patients the EFS was significantly better in patients who received UCBT
in first or second complete remission (CR) (68.6%) than in those with

advanced disease (22.2%) (P=0.007). d The EFS was significantly
worse in ALL patients with advanced disease (0%) than those in first
CR (66.7%) or second CR (66.7%) (P=0.007). e In AML patients, there
was no difference in EFS in patients with advanced disease (40.0%),
first CR (75.0%) or second CR (50.0%) (P=0.447)

Factors Median (range) P value

Dominant unit Non-dominant unit

TNC, ×107/kg (range) 2.45 (1.09–11.04) 2.55 (0.86–8.09) 0.151

CD34, ×105/kg (range) 1.16 (0.27–3.73) 0.91 (0.24–3.52) 0.170

CD3, ×107/kg (range) 0.32 (0.04–1.82) 0.29 (0.05–1.53) 0.270

CFU-GM, ×105/kg (range) 0.34 (0.00–18.20) 0.14 (0.00–11.10) 0.004

Table 2 Characteristics of dom-
inant and non-dominant units
(N=44)

Abbreviations: TNC total nucle-
ated cell
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had significantly worse EFS than those who did engraft
(65.0%) (P=0.000) and all failed patients died although two
of them received salvage transplantation. As mentioned
previously, sum of TNC dose (less or more than median)
did not affect the engraftment and the EFS (56.7%) of
patients received UCB units with lower sum of TNC (less
than median) was not different from that of others (58.1%)
(P=0.953). The EFS of 9 patients received UCB units with
sum of post-thawing TNC less than 3×107/kg (44.4%) was
not different from that of others (59.6%) (P=0.342).

We analyzed the cell dose difference between the two units
and found that a low cell dose difference (TNC difference/
TNC of large unit <15%) was a significant prognostic factor.
The EFS of patients who received two UCB units with a low
cell dose difference (25.0%) was significantly worse than that
of others (73.2%) (P=0.000). The TRM of patients with a
low cell dose difference (56.5%) was higher than that of
other patients (13.2%), significantly (P=0.001). The relapse
rate of acute leukemia was also significantly higher in
patients with a low cell dose difference (50.6%) than in
others (7.7%) (P=0.002) (Fig. 2).

Discussion

In present study, we performed double UCBT in pediatric
patients including AML in first CR according to the
guideline of Korean National Health Insurance Review &
Assessment which allow UCBT for patients without
appropriate donor in first CR. Although there is some
controversy about the role of alternative donor transplanta-
tion including UCBT for AML in first CR [14–17],
pediatric AML patients without matched related donor
routinely undergo alternative donor transplantation in first
CR in Korea as the outcome of chemotherapy was not
satisfactory [18], the allogeneic transplantation is associated

with improved outcomes in first CR [17], and promising
results of alternative donor transplantation were demon-
strated in pediatric AML with the development of trans-
plantation techniques [16, 19].

We choose double UCBT for patients without an
appropriate related or unrelated donor based on the
comparable results of unrelated UCBT and BMT [3, 17].
Double UCBT is a promising method because this kind of
transplant has been proposed to have better engraftment
potential than single UCBT and thus offer a better chance
of survival, although the exact mechanism is not yet known
[9, 11, 13, 20].

Our previous result of one center showed the dominancy
of one unit in all transplant in early period of engraftment,
which concurs with a previous report by the Minnesota
group [9, 11]. However, the first patient in the present study
(and in Korea) has survived for more than 5 years, and
showed mixed chimerism (about 70:30) of both units for
2 years after which one unit disappeared. It has also been
reported that mixed chimerism was maintained for as long
as 479 days after a double UCBT before dominant
reversion was achieved, although the exact mechanism is
not clear [21]. In our present extended study, persistent
mixed chimerism of both units (about 60:40) was detected
in one patient for more than 3 years, the longest mixed
chimerism described in the literature. However, all other
patients with donor-type engraftment showed dominance of
one of the two units.

It is not known why one unit becomes the winner.
Barker et al. reported that a larger CD3+ cells dose was
associated with dominance, but with some exceptions [9]. It
is possible that the unit with the larger number of CD3+

cells might defeat the “weaker” unit, but in our study CD3+

cells dose did not affect the determination of the winner.
This was also concordant with the later data of the
Minnesota group in an investigation of a larger cohort of
patients [13]. In our previous report, comparison of the
infused CFU-GM number of the winner unit versus that of
the loser unit in 18 double UCBT revealed that the CFU-
GM dose of the winner unit was significantly greater [12].
Although the methods of measuring the CFU-GM were
somewhat different between the two centers and the median
value skewed to low side as the mean CFU-GM of one
center is significantly lower than others, in the present
study with a larger number of patients, it was the sole factor
affecting the determination of dominance. We could not,
however, determine the prognostic significance of the
CFU-GM.

In a recent report from the Minnesota group, transplant
of two UCB units was shown to be a risk factor for acute
GVHD. The cumulative grade II–IV acute GVHD of double
UCBT (58%) was significantly higher than that of single
UCBT (39%), although the incidence of more severe grades

Table 3 The causes of transplantation-related mortality

Causes No. of patients

CMV disease 5

Sepsis 3

BOOP 2

Varicella encephalitis 1

ARDS 1

PTLD+GVHD 1

Veno-occlusive disease 1

Multiorgan failure 1

Abbreviations: ARDS acute respiratory distress syndrome, BOOP
bronchiolitis obliterans organizing pneumonia, CMV cytomegalovirus,
GVHD graft-versus-host disease, PTLD posttransplantation lympho-
proliferative disorder
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III–IV acute GVHD was similar between the groups (19%
with double unit and 18% with single unit UCB grafts)
[22]. In our study, grades II–IV acute GVHD occurred in
52% of patients, but the majority of this was grade II;
grades III–IV acute GVHD occurred in only 10% of
patients. These data were similar to that of the Minnesota
group. Although the precise mechanism is not known, the
Minnesota group suggests that the increased incidence of
acute GVHD after double UCBT may be caused by a graft-
versus-graft effect, similar to an in vivo mixed lymphocyte
reaction.

The high incidence of grade II acute GVHD in double
UCBT might be associated with the graft-versus-leukemia
effect. Recently, the Eurocord–Netcord/EBMTandMinnesota
groups reported results demonstrating the potential impact of
double UCBT on the risk of relapse [23, 24]. The Minnesota
group analyzed the outcome of UCBT for acute leukemia
and showed a significantly lower relapse rate for double
UCBT (19%) than single UCBT (33%) [24]. In our study the
relapse rate of 44 acute leukemia patients was also 19.0%.
The relapse rate of patients in first or second CR was 13.8%,
which is also similar to that (16%) of the Minnesota group.
This group speculates that increased alloreactivity, the
mechanism and effector cells of which remain unclear, may
be induced by the graft–graft interaction between the two
UCB units, and that this may be responsible for the reduced
risk of relapse.

Eapen et al reported 18% of chronic GVHD in a large
pediatric study of single unit UCBT and the incidences of
chronic GVHD of full matched (10/33), one-antigen
mismatched (34/186), and two-antigen mismatched (38/
247) UCBT were not so different in that report [3]. The
incidence of chronic GVHD in our pediatric study (43.2%)
was rather higher than that of report by Eapen et al [3], and

also higher than the incidence (18%) of adult double UCBT
study by Minnesota group [24], but we could not find
associated factor for chronic GVHD including HLA
matching in our study. Effort to find the risk factor for
chronic GVHD is needed with larger number of pediatric
patients.

CMV reactivation is one of the major concerns of
UCBT, occurring in more than half the patients receiving
UCBT [25–27], although some studies have reported that
recipients of UCBT have a similar risk of CMV infection as
do recipients of other types of transplant [28, 29]. In the
present study, CMV infection was the number one cause of
TRM and was documented in 34 (56%) patients, five of
whom died (four pneumonia, one hepatitis). Because
ganciclovir is an agent presented in an inconvenient
intravenous form and has myelosuppressive activity, raising
the possibility of neutropenia and bacterial infection [30],
the oral formula of acyclovir with equivalent preventive
effect for CMV was used in this study [31]. In our previous
analysis, CMV antigenemia was a risk factor for pulmonary
complications and acute respiratory distress syndrome in
hematopoietic stem cell transplantation, and we recommen-
ded aggressive prophylaxis and treatment of CMV infection
[32]. Prophylaxis with oral valganciclovir was proposed to
be as safe and effective as intravenous ganciclovir for
preventing CMV infection after UCBT, but valganciclovir
also has myelosuppressive activity and a significantly
higher number of patients required granulocyte colony
stimulating factor after engraftment than those treated with
acyclovir [33]. Recently, Hanley et al. reported successful
in vitro expansion of CMV antigen-specific T cells from
UCB T cells with a naive phenotype [34]. Introduction of
this kind of functionally active virus-specific T cells will
improve the outcomes of UCBT.

Fig. 2 The low cell dose difference (TNC difference/large unit <15%)
between two units and outcomes. a The EFS of patients who received
two UCB units with a low cell dose difference (25.0%) was
significantly worse than that of other patients (73.2%) (P=0.000). b

The TRM of patients with a low cell dose difference (56.5%) was
higher than that of other patients (13.2%), significantly (P=0.001). c
The relapse rate of acute leukemia was significantly higher in patients
with a low cell dose difference (50.6%) than in others (7.7%) (P=0.002)
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We experienced PTLD in two patients, including TRM
in one patient who did not receive antithymocyte globulin
(ATG). A recent analysis found no significant difference in
the risk of serious viral infections, including PTLD, in
recipients of unrelated UCB or unmanipulated marrow [35].
However, the incidence of EBV-related complications was
reported to be significantly higher in a subset of patients
treated with a nonmyeloablative preparative regimen that
included ATG, although overall survival was not different
[36]. ATG is a known risk factor for EBV infection [37],
and more than 75% (46/61) of the patients in our study
received ATG, but as we did not perform regular EBV
monitoring in the early period of this study, we could not
analyze the incidence of EBV. Recently, Heslop proposed
that early intervention or even prophylactic administration
may be warranted where there is a high risk of developing
PTLD, such as a patient who has received potent T cell
depleting or suppressing antibodies [38]. We have now
introduced preemptive therapy with single dose rituximab
for patients who receive ATG showing high EBV DNA
levels to prevent EBV-associated PTLD [39, 40].

The most interesting result from our data on double UCBT
was the prognostic significance of cell dose difference
between the two units. We found that a lower cell dose
difference (TNC difference/TNC of large unit <15%) signif-
icantly affected TRM, relapse, and EFS. In the setting of
double UCBT, mixed lymphocyte reaction might occur
between the two fresh but immature UCB units. If the strength
of the two UCB units is similar, they will be exhausted after
the fight and possibly lose their power to fight the leukemia
and pathogens. Although this is only a hypothesis that needs
to be validated scientifically and clinically, analysis of the cell
dose difference between two units may be easy for other
researchers who perform double UCBT.

In some patients, the engrafted unit had a lower cell dose
than the loser unit, but the exact mechanism of this is
unknown. In future, analysis of subsets of hematopoietic
cells and immune cells in UCB units including T cell
subsets, regulatory T cells, NK cells, and NK/T cells may
give an insight into this complex type of transplantation.

In relation to current recommendations for UCB unit
selection, Gluckman commented that if there is no single
appropriate unit available, it is suggested that one should look
for two units with a combined total dose of ≥3×107 nucleated
cells/kg [41]. In our study, nine of 61 patients received two
UCB units with sum of post-thawing TNC less 3×107/kg
although we selected cord blood units with sum of TNC
more than 3×107/kg at freezing. But sum of TNC did not
affect EFS and this result needs to be verified again with
large number of patients received double UCBT in future.

The Minnesota group selected a first UCB unit that was
matched to the recipient for 4–6/6 HLA-A, -B, and -DRB1
and a second unit that had to be matched to both the recipient

and the first unit for 4–6/6 HLA-A, -B, and -DRB1 using
intermediate-resolution antigen level typing for HLA-A and -
B and high-resolution for DR [9, 13].

HLA matching is very important in single unit UCBT
and with the HLA-mismatched antigen increased, the rate
of graft failure, severe GVHD and TRM increased, and the
DFS decreased [42].

Although HLA matching with high-resolution typing has
been emphasized in bone marrow and mobilized peripheral
blood transplantation, high-resolution typing for HLA-A
and -B did not improve long-term clinical outcomes after
UCBT [43, 44]. In HLA-DR typing, there is some
controversy about the importance of high-resolution typing
for UCBT [45]. In this study, we selected UCB units using
two-digit HLA-DR typing. When we reanalyzed the results
according to the HLA mismatch with high-resolution DR
typing, the survival of patients who received UCB units
selected in accordance with the Minnesota guidelines was
not different from more mismatched patients. Except in our
study, selection of the two units in other double UCBT
studies are based on the Minnesota guidelines with high-
resolution DR typing. Double UCBT has different immune
and engraftment mechanisms from single UCBT and the
role of high-resolution DR typing in the setting of two units
transplantation should be clarified in the future.

Multiple factors are associated with the outcomes of
UCBT, including those factors that affect the recipient
environment (underlying disease, previous treatment, con-
ditioning regimen, use of ATG, and the method of GVHD
prophylaxis), the characteristics of each UCB unit, and the
HLA disparity between graft and host. For this reason, the
selection of the two units requires consideration of all the
above factors. However, optimal selection guidelines that
take into account the influence of these factors are not
available. In this study, the selection of units with similar
cell doses resulted in poor outcomes. Selection of one
strong unit with high cell numbers and one weak unit to
activate the strong one, and thus create dominance of one
unit, might result in a better outcome than the combination
of two strong units.

In conclusion, double UCBT is a promising modality of
transplant in children and adolescents. However, engraftment
and other results are not yet satisfactory. To improve the
outcomes, the development of new selection guidelines,
probably including cell dose difference between the two units,
and the development of technology to enhance engraftment
and reduce transplantation-related mortality are warranted.
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