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Unrelated cord blood transplantation (CBT) is an alternative curative option for adult patients with acute myeloid leukemia (AML)
who need allogeneic hematopoietic cell transplantation (HCT) but lack an HLA-matched related or unrelated donor. However, large-
scale data are lacking on CBT outcomes for unselected adult AML. To investigate the trends of survival and engraftment after CBT
over the past 22 years, we retrospectively evaluated the data of patients with AML in Japan according to the time period of CBT
(1998–2007 vs 2008–2013 vs 2014–2019). A total of 5504 patients who received single-unit CBT as first allogeneic HCT for AML were
included. Overall survival (OS) at 2 years significantly improved over time. The improved OS among patients in ≥ complete
remission (CR)3 and active disease at CBT was mainly due to a reduction of relapse-related mortality, whereas among patients in
first or second CR at CBT, this was due mainly to a reduction of non-relapse mortality. The trends of neutrophil engraftment also
improved over time. This experience demonstrated that the survival and engraftment rate after CBT for this group has improved
over the past 22 years.
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INTRODUCTION
The availability of cryopreserved cord blood could allow
patients without appropriate donors to receive allogeneic
hematopoietic cell transplantation (HCT). This is because cord
blood transplantation (CBT) is acceptable for tolerance to
human leukocyte antigen (HLA) mismatch and is rapidly
available [1–3]. Indeed, cord blood is an alternative donor
source for adult acute myeloid leukemia (AML) patients without
a matched related or unrelated donor [4–9]. In Japan, CBT from
an unrelated donor has been performed in adults with AML
since 1998 [10, 11]. The annual number of CBT exceeds 1300,
and the cumulative number of CBT reached 18,242 in 2019,
which accounted for more than 30% of the total CBT performed
worldwide [3]. The majority of these cases were for the
treatment of AML [11, 12].

The major limitations of CBT for adult patients are higher rates of
engraftment failure and mortality, particularly in non-relapse mortality
(NRM). Indeed, patients with advanced disease frequently received
CBT, which might be associated with poor outcomes. Nevertheless,
our recent study showed that early mortality and engraftment failure
have improved after CBT as the first allogeneic HCT for 9678 adults
over the past 20 years in Japan [11]. This was similar to the
improvement of mortality after allogeneic HCT from adult donors for
a relatively heterogeneous group of patients [13–18]. However, it
might depend on disease status at HCT. Thus, large-scale data on CBT
outcomes for unselected adult AML are lacking, but the data on CBT
in Japan can be used to capture outcomes of CBT for adult AML
patients in a real-world setting. Here, we analyzed the trends in
survival and engraftment after single-unit CBT for unselected adult
AML patients by using a nationwide Japanese database.
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Table 1. Patient and transplant characteristics.

Entire cohort 1998–2007 2008–2013 2014–2019 P

Number of patients 5504 1029 1867 2608

Age, median (IQR), years 54 (42–63) 49 (35–58) 55 (42–63) 56 (45–64) <0.001

Age, number (%) <0.001

16–54 years 2763 (50.2) 673 (65.4) 911 (48.8) 1179 (45.2)

≥55 years 2741 (49.8) 356 (34.6) 956 (51.2) 1429 (54.8)

Sex, number (%) 0.787

Male 3176 (57.7) 584 (56.8) 1081 (57.9) 1511 (58.0)

Female 2327 (42.3) 445 (43.2) 786 (42.1) 1096 (42.0)

Missing data 1 0 0 1

Body weight*, median (IQR), kg 55.4 (48.9–62.8) 55.0 (48.5–61.7) 55.4 (48.8–62.4) 55.7 (49.0–63.4) 0.028

Performance status, number (%) <0.001

0 4559 (82.8) 669 (65.0) 1564 (83.8) 2831 (89.2)

≥2 699 (12.7) 123 (12.0) 583 (15.9) 486 (10.7)

Missing data 246 (4.5) 237 (23.0) 7 (0.4) 2 (0.1)

HCT-CI, number (%) <0.001

0–2 3710 (67.4) 248 (24.1) 1459 (78.1) 2003 (76.8)

≥3 999 (18.2) 53 (5.2) 365 (19.6) 581 (22.3)

Missing data 795 (14.4) 728 (70.7) 43 (2.3) 24 (0.9)

Recipient CMV status, number (%) <0.001

Negative 866 (15.7) 123 (12.0) 368 (19.7) 375 (14.4)

Positive 4266 (77.5) 757 (73.6) 1362 (73.0) 2147 (82.3)

Missing data 372 (6.8) 149 (14.5) 137 (7.3) 86 (3.3)

Anti HLA-antibody status, number (%) <0.001

Negative 3133 (56.9) 237 (23.0) 1132 (60.6) 1764 (67.6)

Positive 1096 (19.9) 23 (2.2) 327 (17.5) 746 (28.6)

Donor-specific anti-HLA antibody (+) 56 1 17 38

Donor-specific anti-HLA antibody (–) 1039 21 310 708

Missing data 1 1 0 0

Missing data 1275 (23.2) 769 (74.7) 408 (21.9) 98 (3.8)

Cytogenetics, number (%) <0.001

Other than adverse 4178 (75.9) 850 (82.6) 1407 (75.4) 1921 (73.7)

Adverse 1326 (24.1) 179 (17.4) 460 (24.6) 687 (26.3)

Prior history of MDS/MPN, number (%) <0.001

Absence 4568 (83.0) 822 (79.9) 1516 (81.2) 2230 (85.5)

Presence 936 (17.0) 207 (20.1) 351 (18.8) 378 (14.5)

Disease status at CBT, number (%) <0.001

CR1, CR2 2289 (42.5) 375 (37.6) 711 (38.8) 1203 (47.2)

CR ≥ 3 relapse, induction failure, untreated 3091 (57.5) 622 (62.4) 1123 (61.2) 1346 (52.8)

Missing data 124 32 33 59

Cryopreserved TNC dose*, median (IQR), ×107 cells/kg 2.61 (2.25–3.13) 2.44 (2.13–2.86) 2.62 (2.25–3.15) 2.67 (2.30–3.21) <0.001

Cryopreserved TNC dose*, number (%) <0.001

<2.5 × 107 cells/kg 2299 (42.5) 530 (54.0) 763 (41.5) 1006 (38.8)

≥2.5 × 107 cells/kg 3113 (57.5) 452 (46.0) 1074 (58.5) 1587 (61.2)

Missing data 92 47 30 15

Cryopreserved CD34+ cells*, median (IQR),
×105 cells/kg

0.83 (0.60–1.12) 0.76 (0.51–1.12) 0.83 (0.61–1.15) 0.84 (0.63–1.11) <0.001

Cryopreserved CD34+ cells*, number (%) <0.001

<0.8 × 105 cells/kg 2548 (47.1) 517 (53.1) 846 (46.1) 1185 (45.6)

≥0.8 × 105 cells/kg 2859 (52.9) 457 (46.9) 991 (53.9) 1411 (54.4)

Missing data 97 55 30 12

HLA disparities, number (%) 0.640

0,1 2212 (40.5) 420 (41.7) 739 (39.9) 1053 (40.4)
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METHODS
Data collection and study population
This retrospective study was conducted by the Adult AML Working Group
of the Japanese Society for Transplantation and Cellular Therapy (JSTCT).
The clinical data were collected by the Transplant Registry Unified
Management Program (TRUMP) of the Japanese Data Center for
Hematopoietic Cell Transplantation (JDCHCT) and the JSTCT [19, 20].
Patients aged ≥16 years who received unrelated single-unit CBT as first
allogeneic HCT between 1998 and 2019 in Japan were eligible. Patients
who received double-unit CBT (n= 95) or related CBT (n= 1) were
excluded from this study. We also excluded patients that lacked data
about survival status (n= 12), and those with a previous history of
allogeneic HCT (n= 1670). Finally, 5504 patients were eligible for this
study. The primary outcome was overall survival (OS). Secondary
outcomes were relapse-related mortality, NRM, neutrophil and platelet
engraftment, and acute and chronic graft-versus-host disease (GVHD). This
study was approved by the adult AML working group of the JSTCT and by
the institutional review board of the Institute of Medical Science, The
University of Tokyo (2021-30-0729).

Definition
OS was defined as death due to any cause measured from the date of
CBT. Surviving patients were censored at 2 years after CBT. Relapse-
related mortality was defined as death after a hematological recurrence
of AML. NRM was defined as death without leukemia recurrence.
The times of neutrophil or platelet engraftment were defined as the
first of the three consecutive days when the absolute neutrophil count
was higher than 0.5 × 109/L or the platelet count was higher than

20 × 109/L without platelet transfusion, respectively. The grading of
acute and chronic GVHD was defined using standard criteria [21, 22].
Eastern Cooperative Oncology Group performance status (PS) [23], HCT-
specific comorbidity index (HCT-CI) [24], and cytogenetic risk [25]
were classified in accordance with published criteria. Complete
remission (CR) was defined as less than 5% of bone marrow blasts
and the absence of leukemic blasts in peripheral blood or extramedul-
lary sites. Early phase at CBT was defined as CR1 or CR2. Advanced
phase at CBT was defined as ≥CR3 and signs of active disease including
primary induction failure, refractory relapse, and untreated disease.
The intensity of conditioning was classified in accordance with
published criteria [26]. The degree of HLA matching between donor
and recipient was based on a low-resolution analysis for HLA-A, HLA-B,
and HLA-DR.

Statistical analysis
All statistical analyses were conducted with EZR (Saitama Medical Center,
Jichi Medical University, Saitama, Japan), a graphical user interface for
the R 4.1.2 software program (R Foundation for Statistical Computing,
Vienna, Austria) [27]. Two-sided P values less than 0.05 were considered
statistically significant.
Baseline characteristics between the three periods of CBT were

compared using a chi-squared or Fisher exact test for categorical variables
and the Kruskal–Wallis test for continuous variables.
The Kaplan–Meier method was used to estimate the probability of OS,

which was compared using the log-rank test. Cumulative incidence
estimates were used to calculate the competing risks outcomes, such as
relapse-related mortality, NRM, neutrophil and platelet engraftment, and

Table 1. continued

Entire cohort 1998–2007 2008–2013 2014–2019 P

≥2 3249 (59.5) 586 (58.3) 1111 (60.1) 1552 (59.6)

Missing data 43 23 17 3

ABO incompatibility, number (%) 0.011

Match/Minor mismatch 3297 (65.2) 582 (58.4) 1174 (63.3) 1541 (59.4)

Major/Bidirectional mismatch 2150 (39.5) 415 (41.6) 682 (36.7) 1053 (40.6)

Missing data 57 32 11 14

Sex incompatibility, number (%) <0.001

Other than female donor to male recipient 3608 (65.6) 657 (63.8) 1122 (60.1) 1829 (70.1)

Female donor to male recipient 1453 (26.4) 285 (27.7) 405 (21.7) 763 (29.3)

Missing data 443 (8.0) 87 (8.5) 340 (18.2) 16 (0.6)

Conditioning regimen, number (%) <0.001

MAC 3580 (65.2) 578 (57.1) 1156 (62.0) 1846 (70.8)

RIC 1907 (34.8) 435 (42.9) 710 (38.0) 762 (29.2)

Missing data 17 16 1 0

Use of TBI <0.001

Non-TBI 1571 (28.6) 142 (13.9) 386 (20.7) 1043 (40.0)

TBI 3920 (71.4) 877 (86.1) 1478 (79.3) 1565 (60.0)

Missing data 13 10 3 0

Use of ATG/ALG, number (%) <0.001

ATG/ALG (–) 5326 (97.0) 1010 (99.3) 1802 (96.7) 2514 (96.4)

ATG/ALG (+) 163 (3.0) 7 (0.7) 62 (3.3) 94 (3.6)

Missing data 15 12 3 0

GVHD prophylaxis, number (%) <0.001

With MTX 3070 (56.2) 604 (60.0) 1082 (58.3) 1384 (53.2)

Without MTX 2394 (43.8) 403 (40.0) 775 (41.7) 1216 (46.8)

Missing data 40 22 10 8

IQR interquartile range, HCT-CI hematopoietic cell transplantation-specific comorbidity index, CMV cytomegalovirus, HLA human leukocyte
antigen, MDS myelodysplastic syndrome, MPN myeloproliferative neoplasm, CBT cord blood transplantation, CR complete remission, HCT
hematopoietic cell transplantation, TNC total nucleated cell, MAC myeloablative conditioning, RIC reduced-intensity conditioning, TBI total
body irradiation, ATG antithymocyte globulin, ALG antilymphocyte globulin, GVHD graft-versus-host disease, MTX methotrexate.
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Table 2. Patient and transplant characteristics according to disease status at CBT.

Early phase Advanced phase

1998–2007 2008–2014 2015–2019 P 1998–2007 2008–2014 2015–2019 P

Number of patients 375 711 1203 622 1123 1346

Age, median
(IQR), years

45 (32–55) 53 (41–60) 54 (42–63) <0.001 51 (37–60) 56 (44–64) 59 (48–65) <0.001

Age, number (%) <0.001 <0.001

16–54 years 274 (73.1) 376 (52.9) 610 (50.7) 378 (60.8) 515 (45.9) 529 (39.3)

≥55 years 101 (26.9) 335 (47.1) 593 (49.3) 244 (39.2) 608 (54.1) 817 (60.7)

Sex, number (%) 0.456 0.783

Male 193 (51.5) 394 (55.4) 654 (54.4) 373 (60.0) 669 (59.6) 820 (60.9)

Female 182 (48.5) 317 (44.6) 548 (45.6) 249 (40.0) 454 (40.4) 526 (39.1)

Missing data 0 0 1 0 0 0

Body weight*,
median (IQR), kg

55.0
(48.0–61.6)

56.0
(49.0–62.6)

56.0
(48.9–63.6)

0.097 55.0 (49.0–61.7) 55.0
(48.7–62.1)

55.4
(49.0–63.4)

0.181

Performance status,
number (%)

<0.001 <0.001

0 285 (76.0) 682 (95.9) 1152 (95.8) 373 (60.0) 856 (76.2) 1118 (83.1)

≥2 14 (3.7) 28 (3.9) 51 (4.2) 106 (17.0) 262 (23.3) 226 (16.8)

Missing data 76 (20.3) 1 (0.1) 0 143 (23.0) 5 (0.4) 2 (0.1)

HCT-CI, number (%) <0.001 <0.001

0–2 85 (22.7) 610 (85.8) 985 (81.9) 159 (25.6) 821 (73.1) 964 (71.6)

≥3 14 (3.7) 90 (12.7) 212 (17.6) 37 (5.9) 272 (24.2) 364 (27.0)

Missing data 276 (73.6) 11 (1.5) 6 (0.5) 426 (68.5) 30 (2.7) 18 (1.3)

Recipient CMV
status, number (%)

<0.001 <0.001

Negative 53 (14.1) 137 (19.3) 189 (15.7) 66 (10.6) 224 (19.9) 178 (13.2)

Positive 279 (74.4) 517 (72.7) 981 (81.5) 462 (74.3) 823 (73.3) 1115 (82.8)

Missing data 43 (11.5) 57 (8.0) 33 (2.7) 94 (15.1) 76 (6.8) 53 (3.9)

Anti HLA-antibody
status, number (%)

<0.001 <0.001

Negative 90 (24.0) 451 (63.4) 849 (70.6) 143 (23.0) 658 (58.6) 869 (64.6)

Positive 11 (2.9) 96 (13.5) 314 (26.1) 12 (1.9) 229 (20.4) 420 (31.2)

Missing data 274 (73.1) 164 (23.1) 40 (3.3) 467 (75.1) 236 (21.0) 57 (4.2)

Cytogenetics,
number (%)

0.049 <0.001

Other than
adverse

325 (86.7) 586 (82.4) 976 (81.1) 493 (79.3) 788 (70.2) 886 (65.8)

Adverse 50 (13.3) 125 (17.6) 227 (18.9) 129 (20.7) 335 (29.8) 460 (34.2)

Prior history of
MDS/MPN,
number (%)

0.119 0.019

Absence 335 (89.3) 644 (90.6) 1112 (92.4) 460 (74.0) 839 (74.7) 1060 (78.8)

Presence 40 (10.7) 67 (9.4) 91 (7.6) 162 (26.0) 284 (25.3) 286 (21.2)

Cryopreserved TNC
dose*, median
(IQR), ×107 cells/kg

2.45
(2.13–2.83)

2.60
(2.24–3.09)

2.68
(2.31–3.20)

<0.001 2.44 (2.13–2.86) 2.62
(2.26–3.17)

2.66
(2.29–3.23)

<0.001

Cryopreserved TNC
dose*, number (%)

<0.001 <0.001

<2.5 × 107

cells/kg
192 (53.3) 296 (42.6) 460 (38.5) 327 (54.3) 461 (41.5) 525 (39.2)

≥2.5 × 107

cells/kg
168 (46.7) 399 (57.4) 735 (61.5) 275 (45.7) 650 (58.5) 814 (60.8)

Missing data 15 16 8 20 12 7

Cryopreserved
CD34+ cells*,
median (IQR),
×105 cells/kg

0.73
(0.49–1.15)

0.83
(0.61–1.18)

0.85
(0.63–1.13)

0.002 0.77 (0.51–1.10) 0.83
(0.61–1.14)

0.83
(0.62–1.09)

0.003
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Table 2. continued

Early phase Advanced phase

1998–2007 2008–2014 2015–2019 P 1998–2007 2008–2014 2015–2019 P

Cryopreserved
CD34+ cells*,
number (%)　

0.004 0.034

<0.8 × 105

cells/kg
195 (54.5) 315 (45.4) 536 (44.8) 314 (52.5) 517 (46.5) 625 (46.6)

≥0.8 × 105

cells/kg
163 (45.5) 379 (54.6) 660 (55.2) 284 (47.5) 594 (53.5) 716 (53.4)

Missing data 17 17 7 24 12 5

HLA disparities,
number (%)

0.759 0.165

0,1 146 (39.2) 291 (41.4) 496 (41.3) 265 (43.3) 432 (38.7) 532 (39.6)

≥2 226 (60.8) 412 (58.6) 706 (58.7) 347 (56.7) 683 (61.3) 812 (60.4)

Missing data 3 8 1 10 8 2

ABO
incompatibility,
number (%)

0.098 0.031

Match/ Minor
mismatch

231 (62.1) 455 (64.4) 713 (59.5) 337 (55.8) 696 (62.3) 792 (59.2)

Major/
Bidirectional
mismatch

141 (37.9) 251 (35.6) 485 (40.5) 267 (44.2) 422 (37.7) 545 (40.8)

Missing data 3 5 5 18 5 9

Sex incompatibility,
number (%)

<0.001 <0.001

Other than
female donor to
male recipient

255 (68.0) 431 (60.6) 862 (71.7) 384 (61.7) 669 (59.6) 922 (68.5)

Female donor to
male recipient

95 (25.3) 150 (21.1) 336 (27.9) 185 (29.7) 252 (22.4) 413 (30.7)

Missing data 25 (6.7) 130 (18.3) 5 (0.4) 53 (8.5) 202 (18.0) 11 (0.8)

Conditioning
regimen,
number (%)

<0.001 <0.001

MAC 248 (66.1) 423 (59.5) 821 (68.2) 313 (51.0) 723 (64.4) 985 (73.2)

RIC 127 (33.9) 288 (40.5) 382 (31.8) 301 (49.0) 399 (35.6) 361 (26.8)

Missing data 0 0 0 8 1 0

Use of TBI <0.001 <0.001

Non-TBI 44 (11.7) 91 (12.8) 361 (30.0) 96 (15.5) 288 (25.7) 671 (49.9)

TBI 331 (88.3) 618 (87.2) 842 (70.0) 523 (84.5) 834 (74.3) 675 (50.1)

Missing data 0 2 0 3 1 0

Use of ATG/ALG,
number (%)

0.005 0.001

ATG/ALG (–) 373 (99.5) 688 (97.0) 1157 (96.2) 614 (99.4) 1081 (96.3) 1299 (96.5)

ATG/ALG (+) 2 (0.5) 21 (3.0) 46 (3.8) 4 (0.6) 41 (3.7) 47 (3.5)

Missing data 0 2 0 4 1 0

GVHD prophylaxis,
number (%)

<0.001 <0.001

With MTX 266 (71.5) 479 (67.8) 737 (61.4) 327 (53.3) 580 (51.8) 605 (45.1)

Without MTX 106 (28.5) 227 (32.2) 464 (38.6) 286 (46.7) 539 (48.2) 736 (54.9)

Missing data 3 5 2 9 4 5

IQR interquartile range, HCT-CI hematopoietic cell transplantation-specific comorbidity index, CMV cytomegalovirus, HLA human leukocyte antigen, MDS
myelodysplastic syndrome, MPN myeloproliferative neoplasm, CBT cord blood transplantation, CR complete remission, TNC total nucleated cell, MAC
myeloablative conditioning, RIC reduced-intensity conditioning, TBI total body irradiation, ATG antithymocyte globulin, ALG antilymphocyte globulin, GVHD
graft-versus-host disease, MTX methotrexate.
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acute and chronic GVHD. These outcomes were compared using Gray’s
test. Relapse-related mortality was a competing event for NRM and vice
versa. For hematopoietic engraftment, death before hematopoietic
engraftment was a competing event. For GVHD, death before the onset
of GVHD was a competing risk. Multivariate analyses were performed
using a Cox proportional hazards regression model for overall mortality
(1-OS) and the Fine and Gray proportional hazards model for competing
risk outcomes.
To adjust for differences in baseline characteristics, all possible

confounding variables were considered for the multivariate analysis.
These variables included age (<55 vs ≥55 years), HCT-CI (0–2 vs ≥3 vs
unknown), cytogenetic risk (other than adverse vs adverse), prior history
of myelodysplastic syndrome (MDS)/myeloproliferative neoplasm (MPN)
(yes vs no), disease status at CBT (early phase vs. advance phase),
cryopreserved cord blood total nucleated cell (TNC) count (<2.5 ×
107/kg vs ≥2.5 × 107/kg), cryopreserved cord blood CD34+ cell count
(<0.8 × 105/kg vs ≥0.8 × 105/kg), HLA disparities (≤1 vs ≥2 mismatch),
ABO incompatibility (match, minor mismatch vs major, bidirectional
mismatch), sex incompatibility (other than female donor to male
recipient vs female donor to male recipient vs unknown), intensity of
conditioning regimen (myeloablative conditioning [MAC] vs reduced-
intensity conditioning [RIC]), use of total body irradiation [TBI] (non-TBI
vs TBI), GVHD prophylaxis (methotrexate [MTX]-based vs. other than
MTX-based), and time period of CBT (1998–2007 vs 2008–2013 vs
2014–2019). Missing data of HCT-CI and sex incompatibility were
accounted for as separate categories. Cryopreserved cord blood TNC
and CD34+ cell counts were divided according to an approximately
median value. Results are expressed as the hazard ratio (HR) and 95%
confidence interval (CI).
We evaluated the time periods of transplant outcomes in the entire

cohort and separately evaluated them into two distinct patient cohorts
based on disease status at CBT: (1) patients in CR1 and CR2 at CBT (early
phase at CBT); and (2) patients in advanced disease status at CBT
(advanced phase at CBT).

RESULTS
Patient and transplant characteristics
A total of 5504 patients who received single-unit CBT for AML
were included (Table 1). Among them, 1029, 1867, and 2608
patients were transplanted in 1998–2007, 2008–2013, and
2014–2019, respectively. Over the three time periods, there was
a progressive increase in older age at CBT, adverse cytogenetics of
AML, absence of MDS/MPN, early phase at CBT, cryopreserved TNC
dose, cryopreserved CD34+ cell dose, MAC regimens, use of non-
TBI regimens, and GVHD prophylaxis without MTX. The data for PS,
HCT-CI, and anti-HLA antibody were mostly unavailable during the
former time periods (1998–2007). Among 1096 patients who had
anti-HLA antibody, 56 (5%) patients had donor-specific anti-HLA
antibody (DSA).
In the subset analysis, 2289, and 3091 patients with early phase

at CBT, and advanced phase at CBT were analyzed, respectively
(Table 2). The distributions of patients and transplantations in
each cohort across the three time periods were similar to those of
the entire cohort. For patients with early phase at CBT, RIC
regimens were the most frequent during the middle time periods
(2008–2013) (Table 2).

OS
Among the entire cohort, the probability of 2-year OS was 44.5%
(95%CI, 43.1–45.9%). In the univariate analysis, the 2-year OS
significantly improved over time (37.5% for 1998–2007, 41.2% for
2008–2013, and 49.8% for 2014–2019, P < 0.001 by log-rank test)
(Fig. 1A). In the multivariate analysis, compared with 1998–2007,
overall mortality was significantly lower during the periods
2008–2013 (HR,0.78, P= 0.001) and 2014–2019 (HR,0.63, P <
0.001) (Fig. 1D). In relation to other factors associated with overall
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mortality, age ≥55 years (HR,1.43, P < 0.001), HCT-CI ≥ 3 (HR,1.26,
P < 0.001), adverse cytogenetic risk (HR,1.52, P < 0.001), advanced
phase at CBT (HR,2.22, P < 0.001), cryopreserved cord blood CD34+

cell count ≥0.8 × 105/kg (HR,0.91, P= 0.017), female donor to male
recipient (HR,1.16, P < 0.001), and unknown status of sex
incompatibility (HR,1.33, P < 0.001) were also significantly asso-
ciated with overall mortality (Fig. 1D).
Among the distinct cohorts, in the univariate analysis, the 2-year

OS significantly improved over time (P < 0.001 for early phase at
CBT; and P < 0.001 for advanced phase at CBT) (Fig. 2A, B). In the
multivariate analysis, compared with 1998–2007, overall mortality
was significantly lower during the recent time period 2014–2019
(HR,0.69, P= 0.034 for early phase at CBT; HR,0.62, P < 0.001 for
advanced phase at CBT) in two cohorts (Fig. 2C). However, overall
mortality was significantly lower during the middle time period
2008–2013 only among patients with advanced phase at CBT
(HR,0.73, P < 0.001) but not with early phase at CBT (HR,1.01,
P= 0.956) (Fig. 2C).

Relapse-related mortality
Among the entire population, the probability of 2-year relapse-
related mortality was 29.8% (95%CI, 28.6–31.1%). The 2-year
relapse-related mortality was 30.8% for 1998–2007, 32.5% for
2008–2013, and 27.5% for 2014–2019 (P < 0.001 by Gray’s test)
(Fig. 1B). In the multivariate analysis, compared with 1998–2007,

relapse-related mortality was significantly lower in the last period
2014–2019 (HR,0.79, P= 0.036) but not 2008–2013 (HR,0.93, P=
0.510) (Fig. 1D). In relation to other factors associated with relapse-
related mortality, adverse cytogenetic risk (HR,1.92, P < 0.001),
history of MDS/MPN (HR,0.86, P= 0.025), advanced phase at CBT
(HR,3.54, P < 0.001), HLA disparities ≥2 mismatch (HR,0.87, P=
0.011), female donor to male recipient (HR,1.12, P= 0.035),
unknown status of sex incompatibility (HR,1.27, P < 0.001), RIC
regimens (HR,1.14, P= 0.021), and GVHD prophylaxis without MTX
(HR,0.70, P < 0.001) were also significantly associated with relapse-
related mortality (Fig. 1D).
Among two distinct cohorts, in the univariate analysis, the

2-year relapse-related mortality significantly improved over time
among patients with advanced phase at CBT (P= 0.029), but not
those with early phase at CBT (P= 0.393) (Fig. 3A, B). In the
multivariate analysis, compared with 1998–2007, relapse-related
mortality was significantly lower in the recent period 2014–2019
among patients with advanced phase at CBT (HR,0.75, P= 0.020)
(Fig. 3C).

NRM
The probability of 2-year NRM was 26.8% (95%CI, 25.6–28.0%) for
the entire cohort. The 2-year NRM was 31.3% for 1998–2007,
26.9% for 2008–2013, and 25.2% for 2014–2019 (P < 0.001)
(Fig. 1C). In the multivariate analysis, compared with 1998–2007,
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NRM was significantly lower in the last period 2014–2019 (HR,0.71,
P= 0.003) but not 2008–2013 (HR,0.83, P= 0.110) (Fig. 1D). In
relation to other factors associated with NRM, age ≥55 years
(HR,1.55, P < 0.001), HCT-CI ≥ 3 (HR,1.57, P < 0.001), unknown
status of HCT-CI (HR,1.32, P= 0.022), adverse cytogenetic risk
(HR,0.86, P= 0.030), history of MDS/MPN (HR,1.16, P= 0.028), HLA
disparities ≥2 mismatch (HR,1.22, P < 0.001), and GVHD prophy-
laxis without MTX (HR,1.34, P < 0.001) were also significantly
associated with NRM (Fig. 1D).
Among two distinct cohorts, in the univariate analysis, the

2-year NRM significantly improved over time among patients with
early phase at CBT (P < 0.001) and advanced phase at CBT (P=
0.010) (Fig. 4A, B). In the multivariate analysis, compared with
1998–2007, NRM was significantly lower in the last period
2014–2019 among patients with early phase at CBT (HR,0.58,
P= 0.009) (Fig. 4C).

Hematopoietic engraftments
For the entire cohort, the cumulative incidences of neutrophil
and platelet engraftment were 80.0% (95%CI, 78.9–81.0%) at
42 days and 65.1% (95%CI, 63.8–66.3%) at 100 days after CBT,
respectively. Improvements of neutrophil and platelet engraft-
ment were observed in the periods 2008–2013 and 2014–2019
compared with 1998–2007 in the univariate and multivariate
analyses (Fig. S1A–C).

Among two distinct cohorts, in the univariate analysis,
neutrophil engraftment significantly improved over time (P <
0.001 for early phase at CBT; P < 0.001; and for advanced phase at
CBT) (Fig. 5A, B). In the multivariate analysis, compared with
1998–2007, neutrophil engraftment was significantly higher in the
last period 2014–2019 (HR,1.49, P < 0.001 for early phase at CBT;
HR,1.40, P < 0.001 for advanced phase at CBT) in all three cohorts
(Fig. 5C), and in the period 2008–2013 among patients with early
phase at CBT (HR,1.24, P= 0.027) and those with advanced phase
at CBT (HR,1.19, P= 0.038) (Fig. 5C).

GVHD
Among the entire cohort, the cumulative incidences of grades
II–IV and III–IV acute GVHD were 35.6% (95% CI, 34.3–36.8%) and
11.4% (95% CI, 10.6–12.3%) at 100 days after CBT, respectively
(Fig. S2A, S2B). Two years after CBT, the cumulative incidences of
chronic and extensive chronic GVHD were 21.7% (95% CI,
20.6–22.8%) and 9.1% (95% CI, 8.4–9.9%), respectively (Fig. S3A,
S3B). Except for the cumulative incidence of extensive chronic
GVHD in the univariate analysis, which decreased over time (P=
0.003), the univariate and multivariate analyses showed that acute
and chronic GVHD was not significantly different across the time
periods (Fig. S2C,S3C).
Among two distinct cohorts, the multivariate analysis showed

that acute and chronic GVHD was not significantly different across
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the time periods, except that grade III–IV acute GVHD was
significantly lower in the middle time period (2008–2013)
compared with 1998–2007 only among patients with early phase
at CBT (HR,0.57, P= 0.047) (data not shown).

DISCUSSION
Our registry-based study assessed the trends in survival and
engraftment after CBT for adult AML in a real-world setting. OS in
the entire cohort significantly improved over time. Improved OS
among patients with advanced phase at CBT was mainly due to
the reduction of relapse-related mortality, whereas patients with
early phase at CBT was mainly due to the reduction of NRM.
Interestingly, trends of neutrophil engraftment were also
improved over time for the two cohorts.
It can be speculated that an initial poor prognosis after CBT for

adults might be partially attributed to a higher proportion of high-
risk patients, including advanced disease status at CBT and adverse
cytogenetics. Indeed, the proportion of advanced disease status at
CBT was higher in both the former (1998-2007) and the middle
(2008–2013) time periods in our cohort. However, improvements in
survival were observed in each patient cohort based on disease
status. This suggests that an initial poor prognosis of CBT for adults
is independent of advanced disease status at CBT. Furthermore,
although the proportion of patients with adverse cytogenetics

increased over time throughout all cohorts, relapse-related
mortality was significantly improved in the recent time period in
patients with advanced phase at CBT but was not improved in
patients with early phase at CBT. Although a reduction in the risk of
relapse could depend on both the intensity of conditioning
regimen [28, 29] and the strength of the graft-versus-leukemia
(GVL) effect [30, 31], an improvement of relapse-related mortality
over time is not entirely clear in patients with advanced phase at
CBT. This is likely due to a significantly increased MAC regimen
rather than enhanced a GVL effect because there was a progressive
increase in MAC regimens over the three time periods among
patients with advanced phase at CBT, but the incidences of acute
and chronic GVHD did not change. Indeed, recent studies
demonstrated that a higher intensity of conditioning regimen is
preferred for CBT [28, 29, 32, 33]. Therefore, the strength of
conditioning intensity could contribute to the improvement of
relapse-related mortality.
Our previous study demonstrated a significant improvement of

early NRM after CBT as the first allogeneic HCT for adults aged
between 16 and 70 years with various hematological diseases over
the past 20 years [11]. Our current study focusing adult AML also
showed a significant decrease in NRM but only among patients
with early phase at CBT in multivariate analysis. The reasons for
this improvement of NRM are not clearly defined, but several
factors, such as advances in supportive care, less toxic
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Fig. 4 Non-relapse mortality after CBT according to disease status at CBT. The cumulative incidences of non-relapse mortality after CBT
according to the three time periods in patients with early phase at CBT (A), or advanced phase at CBT (B). Forest plots of the adjusted hazard
ratios (HR) and 95% confidence intervals (CI) of non-relapse mortality among each cohort in the multivariate analysis (C).
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conditioning regimens, and more careful cord blood graft
selection, along with higher achievements of neutrophil engraft-
ment, could have contributed to the improvement of NRM.
Importantly, the improvement of NRM was observed in the recent
time period (2014–2019) but only among patients with remission
status at CBT. This indicates that the improved NRM can be
attributed mainly to the prevention, diagnosis, and management
of infection, organ toxicity, and GVHD after CBT.
The most important limitation of CBT for adults is that the

frequency of primary graft failure is higher after CBT compared
with allogeneic HCT from adult donors [4]. Although the
achievements of neutrophil engraftment after CBT could not
completely attain the levels of those after allogeneic HCT from
adult donors, trends of neutrophil engraftment were improved
over time throughout all cohorts. The reasons for these trends in
neutrophil engraftment are not entirely clear but could be
attributed to the recent progress of a higher TNC and CD34+ cell
dose in the cryopreserved cord blood unit [11]. This is partly due
to improvements of collection and processing techniques of
cryopreserved cord blood by cell processing technicians and
obstetricians. Moreover, the presence of anti-HLA antibodies,
particularly DSA, has mostly been evaluated before selection of a
cord blood unit in recent time periods to avoid engraftment
failure [8, 34]. Indeed, only 56 patients had DSA in the entire our

cohort, which was too small population to clarify the impact of
presence of DSA on engraftment failure. However, the data for
anti-HLA antibodies were often unavailable in the former time
period (1998–2007), suggesting that there might be a hidden
existence of DSA. All these findings may account for some of the
recent improvements of neutrophil engraftment over time for the
all cohorts.
Our study had several limitations. First, data for the mutation

profile of AML were insufficient in our registry data, which could
strongly affect the outcomes after CBT for AML [35]. Second, we
were unable to evaluate the advanced practices in the prevention
and treatment of infection, particularly fungal and viral infections.
Several studies demonstrated that new antifungal therapies,
which have been approved for prophylaxis and treatment during
the study period in Japan, could contribute to the improvement of
survival after allogeneic HCT [36, 37]. Third, previous registry-
based studies showed that high-volume center experience, which
was defined as 20 or more annual numbers of unrelated CBT, was
associated with better survival after CBT [38, 39]. However, the
data for a center effect were unavailable in our registry data.
Despite such limitations, the strength of this study was the largest
number of unselected adult patients with AML undergoing single
CBT, which could provide real-world data to clarify the efficacy
and safety of CBT for this group.
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Fig. 5 Neutrophil engraftment after CBT according to disease status at CBT. The cumulative incidences of neutrophil engraftment after CBT
according to the three time periods in patients with early phase at CBT (A), or advanced phase at CBT (B). Forest plots of the adjusted hazard
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In summary, our registry-based study under real-world settings
demonstrated that the survival and engraftment rate after CBT for
adult patients with AML has improved over the past 22 years. The
causes are likely to be multifactorial including the recent progress
of cord blood unit selection, conditioning regimen, and improve-
ments of supportive care. However, mortality after CBT still has
room for further improvement. Therefore, our real-world experi-
ence can support the next major approaches to reduce mortality
after CBT for adult patients with AML.
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