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independent risk factors for iEMR. Chronic graft-versus-host disease reduced the risk of systemic relapse (HR, 0.5;
P =.043) but did not protect against iEMR. The prognosis of patients who developed iEMR remained poor but was
slightly better than that of patients who developed systemic relapse (3-year overall survival, 16.5% versus 15.3%;
P =.089). Patients experiencing their first systemic relapse continued to have further systemic relapse, but only a
minority progressed to iEMR, whereas those experiencing their iEMR at first relapse developed further systemic
relapse and iEMR at approximately similar frequencies. A second iEMR was more common after a first iEMR than
after a first systemic relapse (58.8% versus 13.0%; P = .001) and was associated with poor outcome. iEMR has a
poor prognosis, particularly after a second relapse, and effective strategies are needed to improve outcomes.

© 2021 The American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc. All rights

reserved.

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) is a treatment option for patients with acute leukemia
who have relapsed or refractory disease or other unfavorable
risk factors. Relapse after transplantation is a devastating com-
plication and the main reason for treatment failure. The inci-
dence of relapse after allo-HSCT ranges from 10% to 60%,
depending on patient type and disease stage at the time of
transplantation and the transplantation characteristics, such
as donor type and conditioning regimen [1]. Leukemia relapse
usually occurs in the bone marrow (BM), but extramedullary
(EM) relapse (EMR) also accounts for a significant proportion.
Isolated EMR (iEMR), in which leukemia cells are observed in
extremely diverse sites while full donor chimerism and mor-
phologic remission in the marrow are retained [2,3], is rela-
tively rare and not well characterized. Although BM relapse
(BMR) has been well studied, there are limited systematic data
on iEMR in the literature, most of which come from studies
including only adult patients [3-6] or adult and pediatric
patients together [7-9]. However, the biology of leukemia and
indications for allo-HSCT in pediatric patients differ from those
in adult patients. In an effort to better understand post-HSCT
iEMR in the pediatric population, we evaluated iEMR and its
features in a large pediatric cohort of allo-HSCT recipients,
including patients with acute lymphoblastic leukemia (ALL)
and acute myelogenous leukemia (AML), in a multicenter reg-
istry-based study.

METHODS
Study Design and Patient Population

A retrospective chart review of 1553 consecutive patients who under-
went allo-HSCT for acute leukemia between January 1998 and December
2019 and were registered in the Turkish Pediatric Bone Marrow Transplanta-
tion Registry was performed for this study. The study cohort comprised 1527
patients with ALL or AML. Patients who developed graft rejection were
excluded. We retrospectively extracted patient data, including details of the
transplantation procedure, disease status, response rate, toxicity, survival
time, and time to progression, from our prospectively acquired database. All
patients were treated based on standard institutional protocols. Written
informed consent for allo-HSCT was obtained from all patients or their legal
guardians, and the study was approved by each center’s Ethics Committee
and conducted in accordance with the Declaration of Helsinki.

Disease status at transplantation was defined according to the Center for
International Blood and Marrow Transplant Research criteria. Patients with
early disease were defined as patients achieving first complete remission (CR);
those with intermediate disease, as those achieving second CR or beyond; and
those with advanced disease, as patients who did not achieve CR [10].

All patients underwent transplantation according to the standard Euro-
pean Society for Blood and Marrow Transplantation indications following
receipt of a myeloablative conditioning regimen. For patients with ALL, if
total body irradiation (TBI) was used in the conditioning regimen, then a 6-
Gy radiotherapy boost was administered for central nervous system (CNS)
and testicular relapses. For patients with EM disease (EMD) who were not
administered TBI, 18 Gy of radiotherapy was delivered for local control. In
patients with EMD other than CNS or testicular relapse, if EM involvement
disappeared after reinduction therapy, then no additional treatment was
planned. For patients with AML, local radiotherapy to control EMD was not
routinely recommended. Patients received graft-versus-host disease (GVHD)
prophylaxis with a calcineurin inhibitor (mostly cyclosporin A) and a short

course of methotrexate (on days +1, +3, +6, + +10) or mycophenolate mofetil
according to institutional protocols. Rabbit antithymocyte globulin was used
only in umbilical cord blood transplantations. Post-transplantation cyclo-
phosphamide or TCR-o8/CD19 depletion was used to provide T cell depletion
for haploidentical transplantations.

Grafts were obtained from related donors in 1024 cases (67%), including
matched sibling donors (MSDs) (HLA 6/6; n = 715; 47%), matched nonsibling
related donors (HLA 10/10; n = 152; 10%), mismatched related donors (HLA
<8/10, n = 141; 9%), and related umbilical cord blood (UCB; HLA 6/6; n = 16;
1%), and from unrelated donors in 503 cases (33%), including matched unre-
lated donors (HLA 10/10 or 9/10; n = 481; 31%), mismatched unrelated donors
(HLA <8/10; n = 12; 1%), and unrelated UCB transplants (HLA 5/6 or 6/6;
n = 10; 1%). Stem cell sources were BM (n = 776; 51%), peripheral blood (PB;
n = 664; 43%), UCB (n = 10; 1%), PB + BM (n = 61; 4%), and UCB + BM (n = 16;
1%).

Definitions, Diagnosis, and Treatment of Relapse

Patients who experienced relapse after allo-HSCT were subdivided into
systemic relapse (including only BMR or BMR + EMR) and iEMR groups.
Patients who presented with EMR but progressed to BMR within 30 days
after diagnosis of relapse were included in the systemic relapse group. For
iEMR, the evaluation of BM status was required to determine complete
remission (CR), and a chimerism study was required to reveal >95% donor
chimerism. We were then able to diagnose EMR by physical examination,
imaging studies, and biopsy analysis of the involved tissue when possible.
CNS relapse was diagnosed when leukemic cells were identified in the cere-
brospinal fluid.

For iEMR, CR was defined as the disappearance of all clinical signs of EM
leukemia, confirmed by physical examination, imaging studies, and/or cere-
brospinal fluid examination. For isolated BMR, CR was defined as <5% BM
blasts and cytogenetic remission if any cytogenetic alteration was noted at
the time of relapse. As there was no standardization of minimal residual dis-
ease (MRD) assessment in Turkey during the study period, MRD status was
not taken into consideration as a criterion for the assessment of CR in this
study. For patients who had EMR with concurrent BMR, CR was defined as
described above for both iEMR and BMR.

Poor genetic alterations were defined as t(9;22), t(4;11), t(17;19)
iAMP21, hypodiploidy <44 chromosomes for ALL and isolated monosomy 7,
der12p, t(12;12), t(4;11), t(5;11), t(6;11), t(10;11), t(6;9), t(7;12), t(9;22),
complex karyotype (5 or more abnormalities), WT1 mut/FLT-ITD for AML.

Regarding treatment of post-transplantation relapse, early withdrawal of
immune suppression based on chimerism (if available, based on MRD) was
performed at the first stage. When an overt morphologic relapse developed,
either palliative therapy or therapy with curative intent was used, namely
palliative therapy consisting of low-dose chemotherapy and/or supportive
therapy alone or therapy with curative intent consisting of chemotherapy
and/or targeted therapy, surgery (eg, orchiectomy, granulocytic sarcoma
excision), radiotherapy, and donor lymphocyte infusion (DLI) either alone or
in combination.

Statistical Analysis

Data were analyzed using SPSS version 18.0 (SPSS, Chicago, IL) and
XLSTAT version 2017.2 statistical package (Addinsoft, Paris, France). The inci-
dences of systemic relapse and iEMR w calculated using cumulative incidence
analysis, with each factor and treatment-related mortality considered a com-
peting risk. Overall survival (OS) was calculated from the time of relapse after
transplantation to the date of mortality due to any reason or the last follow-
up and was estimated using the Kaplan-Meier method. Patient characteristics
were compared using the chi-square test for qualitative variables and the
Mann-Whitney U test for continuous variables. To identify the risk factors
according to relapse type, univariate and multivariate analyses were per-
formed with such variables as sex, diagnosis, disease status at transplanta-
tion, poor cytogenetics, prior EMD in the course of therapy before
transplantation, donor type, conditioning regimen, prior grade II-IV acute
GVHD (aGVHD) and prior chronic GVHD (cGVHD). The log-rank test for OS
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Table 1
Essential Clinical Characteristics of the Patients According to Relapse Type
Characteristic All Patients All Relapses Systemic Relapse iEMR (N =75) PValue
(N=1527) (N=432) (N=357) (Systemic vs iEMR)
Age at HSCT, yr, median (range) 9.09 (0.04- 22.39) 9.31(0.57-22.39) 8.52 (0.40- 22.08) 8.72(1.52-19.50) .667
Sex, n (%) .041
Male 998 (65) 290 (67) 232 (65) 58 (77)
Female 529 (35) 142 (33) 125(35) 17 (23)
Diagnosis, n (%) 103
ALL 983 (64) 287 (67) 231(65) 56 (75)
AML 544 (36) 145 (33) 126 (35) 19 (25)
Transplantation status, n (%) .010
Early 877 (57) 166 (38) 144 (40) 22 (29)
Intermediate 573(38) 223 (52) 173 (49) 50 (67)
Advanced 77 (5) 43(10) 40(11) 3(4)
Poor cytogenetic alterations, n (%) 283 (18) 74(17) 67 (19) 7(09) .051
Prior EMD, n (%) 149 (10) 45 (10) 29 (8) 16 (21) .001
Matched sibling donor, n (%) 715 (47) 234 (54) 192 (53) 42 (47) .691
Conditioning regimen, n (%) .872
TBI-based, n (%) 419(27) 112 (26) 92 (26) 20(27)
Chemotherapy -based, n (%) 1108 (73) 320 (74) 265 (74) 55(73)
Prior aGVHD grade II-1V, n (%) 425 (28) 99 (23) 72 (20) 27 (36) .003
Prior cGVHD, n (%)* 252 (16) 49(11) 33(10) 16 (22) .003
Time to relapse, mo. median (range) — 5.84 (0.43-136.54) 5.58 (0.43-136.54) 7.19(1.15-48.79) .013

* Data available in 1463 patients who survived >100 days post-transplantation.

and Gray's test for relapse were used for comparisons. Univariate compari-
sons with a Pvalue <.2 were included in the multivariate analysis, which was
performed using the Cox proportional hazards model. The results are
expressed as hazard ratios (HRs) and their corresponding 95% confidence
intervals (Cls). An HR>1 denotes an unfavorable effect on relapse and OS. A P
value <.05 was considered to indicate statistical significance.

RESULTS

Patient Population, Relapse Characteristics, and Incidence
We included 1527 consecutive patients with ALL (n = 983)
and AML (n = 544) who underwent transplantation at 1 of 22
pediatric transplantation centers. The patient characteristics
are summarized in Table 1. Nine hundred ninety-eight patients
(65%) in this study cohort were male, and the minority of the
cohort (5%) had active disease at the time of transplantation.
Poor cytogenetic alterations were found in 283 patients (18%).
One hundred forty-nine patients (10%) had EMD at the time of

diagnosis.

By the end of the study period, 958 of 1527 patients (62.8%)
were alive, with a median follow-up time of 40.80 months
(range, 0.26 to 266.09 months). Three hundred and thirteen
patients died of treatment-related causes (infections in 184,
GVHD in 62, veno-occlusive disease in 17, bleeding in 11, and
other reasons in 39; 5-year cumulative rate, 21.3%; 95% (I,
19.2 to 23.6), and 432 patients relapsed, 350 of whom died
(including 256 who succumbed to progressive disease). The
cumulative incidence of first relapse at any site at 5 years post-
transplantation was 30.3% (95% CI, 27.9% to 32.8%); 357
patients experienced systemic relapse (303 with isolated BMR
and 54 combined with EMR; 5-year cumulative incidence,
24.8%; 95% (I, 22.6 to 27.1), and 75 had iEMR (5-year cumula-
tive incidence, 5.5%; 95% CI, 4.4 to 6.9) (Figure 1A). At the time
of iEMR, MRD from BM was not available in 37 patients, was
negative in 12 and positive in 4 by flow cytometry, and was
negative in 21 and positive in 1 according to initial cytogenetic

alterations.

Overall, 136 patients experienced EMR at some point dur-
ing their disease course. The 5-year cumulative incidence of

any EMR was 9.6% (95% CI, 8.1% to 11.3%). Seventy-five
patients had isolated first EMR, 54 had combined first BMR
and EMR, 6 had isolated second EMR, and 1 had combined sec-
ond BMR and EMR. Seventeen patients had EMR, either iso-
lated or combined with BMR, for both the first and second
relapse events.

More patients with iEMR at relapse were male and had
prior EMD and aGVHD and c¢GVHD, and fewer patients had
CR2+/active disease at transplantation. iEMR developed signifi-
cantly later than systemic relapse, at a median of 7.19 months
(range, 1.15 to 48.79 months) versus 5.58 months (range, 0.43
to 136.11 months) after transplantation, respectively (P =.013)
(Table 1). Sixteen of the patients with iEMR (21.3%) had EMD
at the time of initial diagnosis. The sites of EMR are shown in
Table 2. The CNS was the most common site, either isolated or
combined with other EM sites, and the incidence of CNS
involvement, either isolated or combined with other EM sites,
was not significantly different between ALL and AML patients
(44.2% versus 34.1%; P=.259).

Risk Factors for Systemic Relapse and iEMR after First HSCT

In an attempt to discriminate any impact of disease status
at the time of transplantation, we planned to separately ana-
lyze and compare the cumulative incidence of relapse for
patients who underwent transplantation in CR1 (early dis-
ease), in CR2 or beyond (intermediate disease), and not in CR
(advanced disease). For patients with iEMR, we found a cumu-
lative incidence of relapse of 2.7% (95% CI, 1.8% to 4.1%) in
patients in CR1, of 10.0% (95% CI, 7.6% to 13.2%) in those in CR2
or beyond, and of 5.1% (95% CI, 2.6% to 11.7%) in those with no
CR (P< .001). Although this is a large P value, it is not reflective
of whether the rate of iEMR was higher in early versus
advanced disease. Despite the significant difference, the per-
centage of risk was close (2.7% versus 5.1%); therefore, we
examined CR1 versus CR2+/active disease instead of the defini-
tion mentioned above.
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Figure 1. Cumulative incidence of first relapse (A) and survival after first relapse (B) by relapse type.

The risk factors for systemic relapse and iEMR differed. Dis-
ease status (17.6% for CR1 versus 34.4% for CR2+/active dis-
ease; P < .001), donor type (28.0% for matched sibling donors
versus 21.7% for other donors; P= .011), prior grade II-IV
aGVHD (no, 27.4% versus yes, 17.9%; P < .001), and prior
c¢GVHD (no, 26.8% versus yes, 14.4%; P< .001) were associated
with systemic relapse. The univariate analysis identified sex
(6.5% for males versus 3.7% for females; P = .026), diagnosis
(6.6% for ALL versus 3.7% for AML; P= .043), disease status
(2.7% for CR1 versus 9.3% for CR2+/active disease; P< .001),
poor cytogenetic alterations (yes, 6.2% versus yes, 2.6%;

P =.032), prior EMD (yes, 11.5% versus no, 4.9%; P < .001), and
local radiotherapy for EMD before transplantation (yes, 11.3%
versus no, 5.0%; P= .004) as factors associated with iEMR.
Donor type and prior aGVHD or cGVHD did not affect the inci-
dence of iEMR (Table 3).

Multivariate analysis found that CR2+/active disease (HR,
3.4; P<.001) and MSD (HR, 1.8; P=.014) were associated with
an increased risk of systemic relapse, whereas cGVHD (HR, 0.5;
P< .001) was an independent risk factor for lower risk. iEMR
was independently higher in patients with CR2+/active disease
(HR, 3.1; P< .001) and prior EMD (HR, 2.8; P = .046). Male sex
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Table 2 Table 4
Sites of EMR Multivariate Analysis for 5-Year Cumulative Incidence of Relapse
Site First Relapse after HSCT Variable Systemic Relapse iEMR
ALL AML All HR (CI) PValue HR (CI) PValue
iEMR BMR + iEMR BMR + Sex: Male = - 1.6 (0.9 to 2.8) .092
EMR EMR Diagnosis: ALL | — - 1.4(0.8-2.4) 255
NS 22 16 8 5 el Status at 34(2.1-58) | <001 | 3.1(1.8-52) <.001
Testis 17 9 - 3 29 transplanta-
Soft tissue/lymph node 4 4 6 1 15 tion: CR2
Bone 4 3 2 9 +active
disease
Visceral 3 2 1 2 8 Poor — _ 1.9(0.8-4.2) 120
Pleura/pericardium 2 - 1 - 3 cytogenetics
Skin/subcutaneous 1 1 1 1 4 Prior EMD — — 2.8(1.0-7.8) .046
CNS +visceral 1 - - - 1 Prior local — - 1.3(0.4-4.2) 632
CNS + soft tissue - - - 1 radiotherapy
CNS + visceral + soft - - 1 - 1 Donor: MSD 1.8(1.1-3.0) .014 1.7 (1.0-2.8) .054
tissue aGVHD grade 0.6(04-1.1) | .100 1.5 (0.9-2.5) 105
CNS + testis - 1 - - 1 -1V
CNS +bone - 1 - - 1 cGVHD 0.5(0.3-0.7) .043 — —
CNS +skin/subcutaneous | - 1 - - 1
Visceral + testis 2 1 - - 3 and MSD had a marginal effect on increased risk of iEMR.
Bone + soft tissue - - - 1 1 Remarkably, whereas cGVHD was a low risk factor for systemic
All sites 56 39 19 15 129 relapse in the multivariate analysis, neither the univariate
analysis nor the multivariate analysis found that GVHD was
Table 3
Univariate Analysis of 5-Year Cumulative Incidence of Relapse
Variable All Patients, n Systemic Relapse iEMR
n Cumulative Incidence, %, PValue n Cumulative Incidence, %, PValue
median (range) median (range)
All 1527 357 | 24.8(22.6-27.1) 75 | 5.5(4.4-6.9)
Sex .853 .026
Male 998 232 | 24.6(22.0-27.6) 58 | 6.5(5.0-8.4)
Female 529 125 | 25.0(21.7-29.3) 17 | 3.7(2.3-6.0)
Diagnosis 697 .043
ALL 983 231 25.2(22.5-28.2) 56 6.6 (5.0 t0 8.5)
AML 544 126 | 24.0(20.5-28.0) 19 | 3.7(24t059)
Status at HSCT* <.001 <.001
CR1 877 144 17.6 (15.1-20.5) 22 2.7(1.8-4.1)
CR2+/active disease 650 213 34.4 (30.8-38.5) 53 9.3(7.1-12.9)
Poor cytogenetics .895 .032
Yes 283 67 25.0 (20.2-30.8) 7 6.2 (4.9-7.9)
No 1244 290 24,7 (22.3-27.4) 68 2.6(1.3-5.4)
Prior EMD 243 <.001
Yes 148 28 202 (14.4-28.2) 16 | 11.5(7.2-18.2)
No 1379 329 | 25.2(22.9-27.8) 59 | 4.9(3.8-6.3)
Prior local radiotherapy 301 .004
Yes 114 22 20.7 (14.2-30.2) 12 | 11.3(6.6-19.4)
No 1413 335 | 25.1(22.8-27.6) 63 | 5.0(3.9-6.5)
Donor .011 .162
MSD 715 192 28.0 (24.8-31.7) 42 6.6 (4.9-8.9)
Other 812 165 21.7 (18.9-25.0) 33 4.3(3.1-6.1)
Conditioning regimen 415 .829
TBI-based 419 92 23.4(19.5-28.1) 20 5.6 (3.6-8.7)
Chemotherapy-based 1108 265 25.3(22.7-28.1) 55 54(4.2-7.1)
Prior aGVHD grade II-IV <.001 .105
Yes 425 72 17.9(14.5-22.2) 27 6.9 (4.8-10.0)
No 1102 285 | 27.4(24.7-30.3) 48 | 49(3.7-6.6)
Prior cGVHD* <.001 .359
Yes 252 33 14.4(10.4-19.8) 16 | 7.0(4.3-11.3)
No 1211 307 | 26.8(24.3-29.6) 57 | 53(4.1-7.0)

* Data available in 1463 patients who survived >100 days post-transplantation.
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Three-Year OS Following First Relapse, Univariate and Multivariate Analyses

Variable Number Alive Univariable Multivariable
3-Yr OS, % (95% CI) PValue HR (95% CI) PValue

All Patients 82 15.2(11.4-19.1) = — —

Sex .949 — —
Male 54 13.2(8.6-17.9)
Female 28 18.7 (11.8-25.5)

Diagnosis 114 122
ALL 65 17.5(12.4-22.6) 1
AML 17 11.1(5.7-16.6) 1.2(9.0-1.5)

Status at transplantation 252 — —
CR1 34 18.0(11.7-24.4)
CR2+/active disease 48 13.2(8.4-18.0)

Poor cytogenetics 426 — —
No 65 14.4(10.3-18.6)
Yes 17 19.5 (9.4-29.6)

Donor type 380 — —
MSD 42 16.3(11.2-22.2)
Other 40 13.7 (7.8-19.6)

Conditioning regimen 751 — —
TBI-based 21 16.4 (8.8-23.9)
Chemotherapy-based 61 14.8 (10.4-19.3)

Relapse type .089 .286
Systemic 65 15.3(11.1-19.4) 1
iEMR 17 16.5(7.0-26.1) 0.8(0.6-1.1)

Time to relapse <.001 <.001
<6 mo 21 8.2 (4.4-12.0) 1
>6 mo 61 23.1(16.3-29.9) 0.5 (0.4-0.6)

Prior aGVHD grade II-IV .635 — —
No 62 15.3(11.0-19.6)
Yes 20 15.3 (7.0-23.6)

Prior cGVHD 138 .507
No 68 14.8 (10.6-19.0) 1
Yes 14 24.5(10.9-38.1) 0.9 (0.6-1.3)

associated with a lower risk for iEMR. Local radiotherapy for
local control before or during the conditioning regimen did
not appear to protect the patients with EMD from post-trans-
plantation iEMR (Table 4).

We performed a subgroup analysis according to diagnosis.
CR2+/active disease was a high risk factor for systemic relapse
in both the ALL and AML groups (HR, 3.0 [P< .001] and HR, 3.4
[P=.016], respectively), and prior EMD was associated with a
lower risk for systemic relapse only in the ALL group (HR, 0.4;
P = .005). Although TBI had a marginal effect on decreasing the
risk for systemic relapse (HR, 0.5; P = .057) in ALL, it tended to
increase the risk for systemic relapse in AML (HR, 3.2; P = .065)
(Supplementary Tables S1 and S2). In regard to iEMR, CR2+/active
disease was significantly associated with a high risk of relapse in
both groups (HR, 3.0 [P< .001] for ALL and HR, 3.3 [P = .016] for
AML). Prior EMD was an independent risk factor for iEMR in
patients with ALL (HR, 3.9; P =.030). Although TBI was a margin-
ally high risk factor in AML (HR, 3.3; P=.053), there was a slightly
significant association with decreased risk for iEMR in ALL (HR,
0.6; P=.074) (Supplementary Tables S3 and S4).

Treatment and Outcomes of First Systemic Relapse and iEMR
after the First HSCT

Most relapsed patients received systemic treatment with
curative intent (89.4% for systemic relapse and 93.3% for iEMR)
combined with local radiation/surgery (14.8% for systemic

relapse and 77.3% for iEMR) and DLI (6.1% and 8.0%, respec-
tively) when feasible. One hundred twenty-six patients under-
went second allogeneic HSCT, only 13 of whom had iEMR. Four
patients with isolated BM relapse after the first transplantation
received blinatumomab. Two of them achieved CR and then
underwent a second alloHSCT, and they were alive without leu-
kemia at their last follow-up. Of the 432 patients who initially
relapsed, 185 (43.0%) achieved second CR (144 of 357 [40.3%] in
systemic relapse versus 41 of 75 [54.7%] in iEMR; P = .023), 95
died of treatment-related causes (79 of 357 [22.1%] in systemic
relapse versus 15 of 75 [20.0%] in iEMR; P = .655), and 256 died
from progressive disease (213 of 357 [59.7%] versus 43 of 75
[57.3%]; P = .729). With a median follow-up of 18.3 months
(range, 4.5 to 146.5 months), 82 of the 432 relapsed patients
were alive, 75 of whom were leukemia-free. OS after first
relapse was 26.0% (95% CI, 21.8% to 30.3%) at 1 year and 15.2%
(95% CI, 11.4% to 19.1%) at 3 years. As shown in Figure 1B, the
outcome was marginally better in patients with iEMR compared
with those with systemic relapse (3-year OS, 16.5% [95% CI, 7.0
to 26.1] versus 15.3% [95% CI, 11.1 to 19.4]; P= .089). The univar-
iate analysis found that relapse time after transplantation
(23.1% for relapse at >6 months versus 8.2% for relapse at <6
months; P < .001) was associated with the 3-year survival rate
after first transplantation. The multivariate analysis identified
relapse at >6 months post-transplantation (HR, 0.5; P< .001) as
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Figure 2. Cumulative incidence of second relapse by relapse type.

an independent factor only for predicting better 3-year OS after
first relapse (Table 5).

Outcomes of Patients Experiencing Additional Relapse Events

Among the 185 patients who achieved CR2, 63 had a sec-
ond relapse as either a systemic relapse (n = 46) or an iEMR
(n = 17). The cumulative incidence of second relapse at any
site after transplantation at 1 year was 48.8% (95% ClI, 37.0% to
64.2%). The cumulative incidences of systemic and iEMR sites
at 1 year were 29.8% (95% CI, 22.7% to 38.9%) and 19.0% (95%
CI, 10.0% to 36.3%), respectively (Figure 2).

Of the 357 patients who had an initial systemic relapse, 46
relapsed again in BM only (n = 31) or combined with EMR
(n=9) as second systemic relapse (40 of 46; 86.9%) or isolated
EM sites (n = 6) as second iEMR (6 of 46; 13.8%). Several
patients who experienced a second systemic relapse achieved
remission again (4 of 40 for systemic relapse, 2 of whom
underwent a third HSCT), and patients with an initial systemic
relapse who had a second iEMR had a better chance of

achieving a third remission (4 of 6) (Figure 3). Twelve of 357
patients who experienced an initial systemic relapse and could
not achieve CR2 by salvage chemotherapy underwent a second
allo-HSCT with active disease status. One of them was alive
and had no evidence of disease (NED) at 10 months post-trans-
plantation, and the others died due to progressive disease
(n =7) or transplantation-related mortality (n = 4). In addition,
1 patient with t(9;22) who did not achieve CR2 was alive with
disease and being treated with tyrosine kinase inhibitors at
the time of this report.

Among the 75 patients who had an initial iEMR, 17
relapsed again (systemic relapse, n = 7; BMR, n = 6; com-
bined relapse, n = 1) as second systemic relapse (7 of 17;
41.2%), with 10 experiencing second iEMR (10 of 17;
58.8%). Only 1 patient in this group achieved CR3 (0 of 7 in
systemic relapse versus 1 of 10 in iEMR) (Figure 4). A sec-
ond iEMR event was more common after a first iEMR event
than after a first systemic relapse event (10 of 17 [58.8%]
versus 6 of 46 [13.0%]; P = .001).

Systemic relapse, n: 357 (iBMR, n: 303 + EMR, n: 54) |

\ [ \

CR2, n: 144 ‘ No CR2, n: 122 ‘ | Early death, n: 54 ‘ ‘ Supportive treatment, n: 37 |
| Alive&NED, 50 | | TRM,mas | [ 2%relapse,n: 46 | | Aive,n: 2D, 1) || Dead.n: 120 |[ RMnctn | [ pwoomas | [ pwoins |
[ 20 systemic relapse, n: 40, BMR, n: 31 + EMR,n:9) | | 2% iEMR.n:6 | ’ TRM. n: 14 | ’ DWD, n: 106 ‘

|
1

| Alive, n: 9 (NED, n: 4) ‘ ‘ Dead, n: 31 ‘ ’ Alive&NED, n: 4 ‘ | Dead, n: 2

!—‘—l

!—‘—\

| TRM, n: 5 ‘ ‘ DWD, n: 26 ‘

|TRM,n:l ‘ ‘ DWD, n: 1 ‘

Figure 3. Outcomes after initial systemic relapse.
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Figure 4. Outcomes after initial iEMR.

At the time of this report, 15 of the 63 patients who experi-
enced a second relapse were alive and 9 were leukemia-free,
with a median follow-up of 6.1 months (range, 0.2 to 118.8
months) for the patients who were alive. Two of the 15 surviv-
ing patients after a second relapse underwent a third trans-
plantation and were leukemia-free at 20 months and 25
months post-transplantation. Patients who had a second iEMR
event survived significantly longer than those with a second
systemic relapse (median survival, 11.17 months [range, 6.57
to 15.77 months] versus 2.00 months [range, 0.67 to 3.34
months]; P =.004) (Supplementary Table S5).

DISCUSSION

In our large pediatric population with long-term follow-up,
we compared incidence, risk factors, and outcomes of iEMR
and systemic relapse. Our data show an overall 5-year cumula-
tive incidence of relapse of 30.3%, a systemic relapse rate of
24.8%, and an iEMR rate was 5.5%, accounting for 17.3% of all
first relapse events. The CNS seemed to be the most common
EM, followed by the testicles. iEMR developed significantly
later than systemic relapse. CR2+/active disease at allo-HSCT
and any prior EMD in the course of therapy before transplanta-
tion were independent risk factors associated with the
increased cumulative incidence of iEMR, whereas systemic
relapse was more frequent in patients with CR2+/active dis-
ease at allo-HSCT and those undergoing transplantation with
MSD. cGVHD was an independent factor for a lower risk of sys-
temic relapse. Patients with first iEMR survived marginally
longer than those with first systemic relapse.

Earlier studies, most of which included adult patients only
or adult patients together with pediatric patients, reported
that iEMR developed in 3.1% to 9.7% of patients with acute leu-
kemia who underwent allo-HSCT, accounting for 9.6% to 25.5%
of all first relapse events after transplantation [3-9,11]. We
found iEMR rates of 5.5% and 17.3% for first relapses, which is
in line with recent reports. However, in a retrospective Euro-
pean Society for Blood and Marrow Transplantation survey
conducted more than 20 years ago, the incidence of EMR was
only 0.65% in patients with AML after allo-HSCT [12]. The
higher incidence in more recent reports could be due to sev-
eral reasons. First, improvements in transplantation proce-
dures, such as alternative donors and decreased
transplantation-related mortality, and the resulting increase in
post-transplantation survival might have enabled HSCT recipi-
ents to survive long enough to develop an EMR [3]. Second,
the iEMR group had a longer relapse-free time compared with
the systemic relapse group [5]. Although some studies did not

confirm this finding [7,11], EMR has consistently been
reported to occur later than systemic relapse [3,5,6,9], similar
to our findings of 7.19 months versus 5.88 months post-trans-
plantation, respectively. Harris et al. [14] suggested that this
difference is because EM sites harbor the asymptomatic
growth of leukemia for a prolonged period. Some recent stud-
ies have illustrated the challenges associated with relapsed or
refractory acute leukemia complicated by EMR after exposure
to cellular therapy such as DLI [15], immunotherapy such as
blinatumomab [16], and second transplantation [17-19]. iEMR
occurred more frequently at the second relapse than at the
first relapse, confirming that the incidence of iEMR increases
as patients live longer with current treatment modalities. In
light of this information, unlike in past decades, EMR is one of
the most important causes of transplantation failure in the
modern era.

EMR occurs in diverse sites, including the CNS, testicles,
bone, skin, and soft tissue, in which the graft-versus-leukemia
(GVL) effect is less active than in BMR [19], suggesting that the
GVL effect is one of the mechanisms responsible for the
increased frequency and widespread distribution of EMR after
allo-HSCT [2,20]. The CNS seems to be the most common EM
involvement site in ALL patients [7,9]. We found that the CNS,
either isolated or combined with other sites, was the most
common EMR site for both ALL and AML.

Disease status at transplantation was an independent risk
factor for both systemic relapse and iEMR, consistent with pre-
vious studies [3,5,7,12]. As expected, late-phase disease (CR2
+/active disease) was associated with a 3.4-fold greater risk for
systemic relapse compared with transplantation at CR1 in
pediatric patients, as reported previously [21,22]. We found
that the risks of both systemic relapse and iEMR increased
even in patients with CR2 or beyond. In recent years, quantifi-
cation of MRD before transplantation has been used for post-
transplantation relapse prediction and has shown great rele-
vance [23]. Unfortunately, we could not analyze MRD as a risk
factor, as there was no standardization for MRD measurement
in our country until recently.

Prior EMD was one of the most predictive risk factors for
iEMR after HSCT in many studies [5,7,9,13]. In our study,
approximately 20% of patients with iEMR had EMR before
HSCT, which was a significant factor for an increased cumula-
tive incidence of iEMR after transplantation (HR, 2.3; P =.007).
Shem-Tov et al. [5] reported that most of the patients with
iEMR had EMD before transplantation at the same site, but this
was much less frequent for CNS disease, possibly related to the
therapeutic approach.
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There are currently no data on the role of the conditioning
regimen in determining EMR. Previous studies showed para-
doxical results regarding the effect of conditioning regimen on
EMR. A retrospective study found a higher incidence of iEMR
in patients receiving a busulfan/cyclophosphamide (Bu/Cy)
regimen compared with those receiving a TBI-containing regi-
men [24]; however, other studies did not show such a differ-
ence [25,26]. A Chinese study found a higher incidence of EMR
in patients with AML who received TBI-based conditioning
compared with those receiving a Bu/Cy regimen [7]. In the
present study, we found a marginal protective effect of TBI on
both systemic relapse (HR, 0.5; P = .057) and EMR (HR, 0.6;
P = .074) in patients with ALL. It could be speculated that the
conditioning regimen with chemotherapy only does not have
as much of an advantage for sanctuary sites compared with
TBI. The FORUM trial showed that the standard of care is
remains TBI for patients with ALL [27]. The finding of TBI as an
increased risk factor in both systemic relapse and iEMR in
patients with AML, although not statistically significant, indi-
cates that the biology of these acute leukemias differs.

The protective role of cGVHD in iEMR remains controversial
in the literature. Some studies have reported a protective effect
of cGVHD for EMR [7], whereas others have reported no effect
[3,4,5,7,9,13]. We found that cGVHD had no protective role in
iEMR but did protect against systemic relapse, suggesting that
the pathogenesis of iEMR differs from that of systemic relapse
and identifying EM sites as potential sanctuary sites for leuke-
mic cells. This could be due to the greater homing of donor-
derived cytotoxic T lymphocytes to the bone marrow than EM
sites [28]. In addition, the intrinsic tendency of leukemic cells
to invade EM sites may help leukemic cells escape immune
surveillance by cytotoxic T cells [29].

There is no established standard of care for EMR after allo-
HSCT. Considering the generally overall poor response to local
treatment only [30], systemic therapy combined with local
therapy should be considered, particularly for patients with
good performance status. In our daily practice, we used sys-
temic chemotherapy combined with local therapy to reduce
tumor burden followed by further immunotherapy, corre-
sponding to a second transplantation or DLI in patients with a
good performance status. With modern immune and cellular
therapies such as a bispecific T-cell engager antibody (blinatu-
momab) and chimeric antigen receptor (CAR) T cell therapy,
significant advances have been made in treating patients with
post-transplantation relapse, as in our two patients with post-
transplantation relapse who underwent a second allo-HSCT by
bridging with blinatumomab. CAR T cell therapy not only can
traffic to EM sites to eradicate leukemia cells, but also can per-
sist in PB and BM treatment and prevent systemic relapse. CAR
T cell therapy has promising safety and efficacy in treating
EM leukemia [31]. Although the effect of blinatumomab
has not been well elucidated in patients with EMR, the
treatment outcome is considered ineffective compared with
that in patients with hematologic relapse without EMR
[17,32]. However, EMD is usually associated with BMR in
these studies. In one study, the use of blinatumomab in 2
ALL patients with iEMR provided good remission and a safe
bridge to allo-HSCT [33]. The authors suggested that iso-
lated EMR might be a different disease entity than EMD
with BM relapse, and that blinatumomab could be a good
treatment option for ALL patients with iEMR [33]. Although
the immune effect probably prevents systemic relapse
rather than EMR, recent studies have shown that certain
immune modulators, such as ipilimumab, an immune
checkpoint blocking agent targeting cytotoxic T

lymphocyte-associated protein 4, will be successful in the
treatment of EMR [34].

The 3-year OS for patients with first relapse after allo-HSCT
in this series was 15.2%. Relapse by 6 months post-transplanta-
tion was independently associated with better outcomes.
Although some studies reported that iEMR had a better prog-
nosis than systemic relapse [3,5,14,27], others found a similar
0S in these groups [7,8]. In our series, the estimated 3-year OS
was slightly better in patients with iEMR than in those with
systemic relapse.

Shem-Tov et al. [5] argued that EMR almost always results
in systemic relapse in patients who do not undergo transplan-
tation [30], which is not necessarily the case for post-trans-
plantation relapse. They showed that patients with a first EMR
continued to have recurrent EMR events, but most did not
develop BM involvement. In contrast to this Israeli study,
which included only adult patients, we observed that patients
with systemic relapse as their first relapse tended to have sys-
temic relapse as their second relapse (86.9% for second sys-
temic relapse versus 13.0% for second iEMR), but those with
first iEMR developed further systemic or iEMR relapse events
with approximately similar frequencies (58.8% for second
iEMR versus 41.2% for second systemic relapse). This discrep-
ancy could be related to the difference in the biology of the dis-
ease between these cohorts, including different age groups.
Although our follow-up period was very short, we observed a
better prognosis in patients with a second iEMR compared
with those with systemic relapse.

The major limitations of this study are related to its retro-
spective nature. Nonetheless, several conclusions can be
drawn. The number of subjects in this study was sufficiently
large. Owing to the low incidence of EMR, correlation analysis
performed on a relatively large group will yield reliable results
and more accurate parametric analysis. Another limitation of
this study is that we could not include the MRD status of our
patients.

In conclusion, the results presented herein demonstrate
that iEMR is a frequent and significant relapse event that is
challenging for transplant physicians to treat owing to a lack
of standardized regimens. Compared with systemic relapse,
EMR manifests clinically later after HSCT and is associated
with a slightly better prognosis. CNS relapse is the most com-
mon subtype of EMR. Disease status at transplantation and
prior EMD are independent risk factors for iEMR after HSCT. In
the era of immune and cellular therapies, clinicians must be
aware of and ensure the early diagnosis of EMR to prolong
patient survival. Additional similar analyses using a more con-
temporary population of patients with available MRD assess-
ments and more novel immunotherapy options are needed to
identify the best treatment approaches for patients with post-
transplantation relapse.

ACKNOWLEDGMENTS

This study was conducted on behalf of the Turkish Pediatric
Bone Marrow Transplantation Study Group. We acknowledge
the support of American Journal Experts for language editing.

Financial disclosure: The authors have nothing to disclosure.

Conflict of interest statement: There are no conflicts of inter-
est to report.

Authorship statement: V.H. designed the study, drafted the
manuscript, and performed the statistical analyses; V.U. cre-
ated the figures and was involved in study design and data col-
lection; G.0., K.Y, S.A., AK, 1.0.B, BSXK, CB., TI, DA, UK,
GTK, AY., MG, SK, GTK, MK, EV.0, ME, ZK, 0.G, Y.Y,,
N.O., BA, OT, CA, BA, GS., D.A, MSE., EZ, and EP. were



859.e10

involved in study design and data collection; and all authors
were involved in manuscript preparation and approved the
final version of the manuscript.

SUPPLEMENTARY MATERIALS

Supplementary material associated with this article can be

found in the online version at doi:10.1016/j.jtct.2021.06.023.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Shah NN, Borowitz M], Steingberg SM, et al. Factors predictive of relapse of
acute leukemia in children after allogeneic hematopoietic cell transplanta-
tion. Biol Blood Marrow Transplant. 2014;20:1033-1039.

. Lee KH, Lee JH, Kim S, Lee JS, Kim SH, Kim WK. High frequency of extrame-

dullary relapse of acute leukemia after allogeneic bone marrow transplan-
tation. Bone Marrow Transplant. 2000;26:147-152.

. Lee KH, Lee JH, Choi SJ, et al. Bone marrow vs extramedullary relapse of

acute leukemia after allogeneic hematopoietic cell transplantation: risk
factors and clinical course. Bone Marrow Transplant. 2003;32:835-842.

. Shi JM, Meng X], Luo Y, et al. Clinical characteristics and outcome of iso-

lated extramedullary relapse in acute leukemia after allogeneic stem cell
transplantation: a single-center analysis. Leuk Res. 2013;37:372-377.

. Shem-Tov N, Saraceni F, Danylesco |, et al. Isolated extramedullary relapse

of acute leukemia after allogeneic stem cell transplantation: different
kinetics and better prognosis than systemic relapse. Biol Blood Marrow
Transplant. 2017;23:1087-1094.

. Gunes G, Goker H, Demiroglu H, Malkan UY, Buyukasik Y. Extramedullary

relapses of acute leukemias after allogeneic hematopoietic stem cell trans-
plantation: clinical features, cumulative incidence, and risk factors. Bone
Marrow Transplant. 2019;54:595-600.

. Ge L, Ye F, Mao X, et al. Extramedullary relapse of acute leukemia after

allogeneic hematopoietic stem cell transplantation: different characteris-
tics between acute myelogenous leukemia and acute lymphoblastic leuke-
mia. Biol Blood Marrow Transplant. 2014;20:1040-1047.

. Sakellari I, Gavriilaki E, Batsis I, et al. Isolated extramedullary relapse as a

poor predictor of survival after allogeneic hematopoietic cell transplanta-
tion for acute leukemia. Biol Blood Marrow Transplant. 2019;25:1756-1760.

. Xie N, Zhou ], Zhang Y, Yu F, Song Y. Extramedullary relapse of leukemia

after allogeneic hematopoietic stem cell transplantation: a retrospective
study. Medicine (Baltimore). 2019;98:e15584.

Pasquini MC, Zhu X.Current uses and outcomes of hematopoietic stem cell
transplantation: 2014 CIBMTR Summary Slides. Available at: http://www.
cibmtr.org. Accessed 01 May 2021.

Molina B, Vicent MG, Herrrero B, et al. Kinetics and risk factors of relapse
after allogeneic stem cell transplantation in children with leukemia: a
long-term follow-up single-center study. Biol Blood Marrow Transplant.
2019;25:100-106.

Békdssy AN, Hermans J, Gorin NC, Gratwohl A. Granulocytic sarcoma after
allogeneic bone marrow transplantation: a retrospective European multi-
center survey. Acute and Chronic Leukemia Working Parties of the Euro-
pean Group for Blood and Marrow Transplantation. Bone Marrow
Transplant. 1996;17:801-808.

Gooley TA, Chien JW, Pergam SA, et al. Reduced mortality after allogeneic
hematopoietic-cell transplantation. N Eng ] Med. 2010;363:2091-2101.
Harris AC, Kitko CL, Couriel DR, et al. Extramedullary relapse of acute mye-
loid leukemia following allogeneic hematopoietic stem cell transplantation:
incidence, risk factors and outcomes. Haematologica. 2013;98:179-184.
Choi SJ, Lee JH, Lee JH, et al. Treatment of relapsed acute myeloid leukemia
after allogeneic bone marrow transplantation with chemotherapy fol-
lowed by G-CSF-primed donor leukocyte infusion: a high incidence of iso-
lated extramedullary relapse. Leukemia. 2004;18:1789-1797.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

V. Hazar et al. / Transplantation and Cellular Therapy 27 (2021) 859.e1-859.e10

Aldoss 1, Song ], Stiller T, et al. Correlates of resistance and relapse during
blinatumomab therapy for relapsed/refractory acute lymphoblastic leuke-
mia. Am ] Hematol. 2017;92:858-865.

Savani BN, Mielke S, Reddy Y, Goodman S, Jagasia M, Rezvani K. Manage-
ment of relapse after allo-SCT for AML and the role of second transplanta-
tion. Bone Marrow Transplant. 2009;44:769-777.

Yoo SW, Chung EJ, Kim SY, et al. Multiple extramedullary relapses without
bone marrow involvement after second allogeneic hemotopoietic stem
cell transplantation for acute myeloid leukemia. Pediatr Transplant.
2012;16:E125-E129.

Cunningham [. Extramedullary sites of leukemia relapse after transplant.
Leuk Lymphoma. 2006;47:1754-1767.

Au WY, Kwong YL, Lie AK, Ma SK, Liang R. Extramedullary relapse of leu-
kemia following allogeneic bone marrow transplantation. Hematol Oncol.
1999;17:45-52.

Peters C, Cornish JM, Parikh SH, Kurtzberg J. Stem cell source and outcome
after hematopoietic stem cell transplantation (HSCT) in children and ado-
lescents with acute leukemia. Pediatr Clin North Am. 2010;57:27-46.
Klingebiel T, Cornish J, Labopin M, et al. Results and factors influencing
outcome after fully haploidentical hematopoietic stem cell transplanta-
tion in children with very high-risk acute lymphoblastic leukemia: impact
of center size: an analysis on behalf of the Acute Leukemia and Pediatric
Disease Working Parties of the European Blood and Marrow Transplant
Group. Blood. 2010;115:3437-3446.

Leung W, Pui CH, Coustan-Smith E, et al. Detectable minimal residual dis-
ease before hematopoietic cell transplantation is prognostic but does not
preclude cure for children with very high-risk leukemia. Blood.
2012;120:468-472.

Simpson DR, Nevill TJ, Shepherd JD, et al. High incidence of extramedul-
lary relapse of AML after busulfan/cyclophosphamide conditioning and
allogeneic stem cell transplantation. Bone Marrow Transplant.
1998;22:259-264.

Solh M, DeFor TE, Weisdorf D], Kaufman DS. Extramedullary relapse of
acute myelogenous leukemia after allogeneic hematopoietic stem cell
transplantation: better prognosis than systemic relapse. Biol Blood Marrow
Transplant. 2012;18:106-112.

Ringdén O, Ruutu T, Remberger M, et al. A randomized trial comparing
busulfan with total body irradiation as conditioning in allogeneic marrow
transplant recipients with leukemia: a report from the Nordic Bone Mar-
row Transplantation Group. Blood. 1994;83:2723-2730.

Peters C, Dalle JH, Locatelli F, et al. Total body irradiation or chemotherapy
conditioning in childhood ALL: A multinational, randomized, noninferior-
ity phase IIl study. J Clin Oncol. 2021;39:295-307.

Sackstein R. A revision of Billinham’s tenets: the central role of lympho-
cyte migration in acute graft versus host disease. Biol Blood Marrow Trans-
plant. 2006;12(1 suppl 1):2-8.

Barrett AJ, Battiwalla M. Relapse after allogeneic stem cell transplantation.
Expert Rev Hematol. 2010;3:429-441.

Bakst RL, Tallman S, Douer D, Yahalom J. How I treat extramedullary acute
myeloid leukemia. Blood. 2011;118:3785-3793.

Rubinstein ]JD, Krupski C, Nelson AS, O'Brien MM, Davies SM, Phillips CL.
Chimeric antigen receptor T cell therapy in patients with multiply
relapsed or refractory extramedullary leukemia. Biol Blood Marrow Trans-
plant. 2020;26:e280-e285.

Gokbuget N, Dombret H, Bonifacio M, et al. Blinatumomab for minimal
residual disease in adults with B-cell precursor acute lymphoblastic leuke-
mia. Blood. 2018;131:1522-1531.

Yoon SY, Yoon JH, Min GJ, et al. Experience of blinatumomab salvage for
patients with acute lymphoblastic leukemia presenting with isolated
extramedullary relapse after previous allogeneic hematopoietic cell trans-
plantation. Bone Marrow Transplant. 2020;55:1469-1472.

Davids MS, Kim HT, Bachireddy P, et al. Ipilimumab for patients with
relapse after allogeneic transplantation. N Engl ] Med. 2016;375:143-153.


https://doi.org/10.1016/j.jtct.2021.06.023
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0001
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0001
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0001
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0002
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0002
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0002
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0003
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0003
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0003
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0004
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0004
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0004
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0005
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0005
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0005
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0005
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0006
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0006
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0006
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0006
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0007
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0007
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0007
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0007
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0008
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0008
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0008
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0009
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0009
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0009
http://www.cibmtr.org
http://www.cibmtr.org
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0011
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0011
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0011
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0011
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0012
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0012
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0012
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0012
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0012
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0012
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0012
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0013
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0013
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0014
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0014
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0014
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0015
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0015
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0015
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0015
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0016
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0016
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0016
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0017
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0017
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0017
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0018
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0018
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0018
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0018
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0019
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0019
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0020
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0020
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0020
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0021
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0021
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0021
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0022
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0022
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0022
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0022
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0022
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0022
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0023
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0023
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0023
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0023
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0024
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0024
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0024
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0024
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0025
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0025
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0025
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0025
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0026
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0026
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0026
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0026
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0026
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0027
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0027
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0027
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0028
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0028
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0028
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0029
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0029
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0030
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0030
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0031
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0031
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0031
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0031
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0032
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0032
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0032
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0032
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0033
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0033
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0033
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0033
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0034
http://refhub.elsevier.com/S2666-6367(21)01026-5/sbref0034

	Different Kinetics and Risk Factors for Isolated Extramedullary Relapse after Allogeneic Hematopoietic Stem Cell Transplantation in Children with Acute Leukemia
	INTRODUCTION
	METHODS
	Study Design and Patient Population
	Definitions, Diagnosis, and Treatment of Relapse
	Statistical Analysis

	RESULTS
	Patient Population, Relapse Characteristics, and Incidence
	Risk Factors for Systemic Relapse and iEMR after First HSCT
	Treatment and Outcomes of First Systemic Relapse and iEMR after the First HSCT
	Outcomes of Patients Experiencing Additional Relapse Events

	DISCUSSION
	ACKNOWLEDGMENTS
	Supplementary materials
	REFERENCES



