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Abstract

Patients with acute lymphoblastic leukemia with minimal residual disease present at time of
allogeneic hematopoietic stem cell transplant showed a trend for greater risk of relapse following
transplant in this retrospective, single center study.

Allogeneic hematopoietic stem cell transplantation (HSCT) is highly effective for treating acute
lymphoblastic leukemia (ALL). However, many ALL patients relapse after HSCT. There has been
a continuing effort to improve identification of patients at high risk of relapse, with the goal of
early intervention to improve outcome. In this retrospective analysis, we examined the impact of
minimal residual disease (MRD) on the risk of hematologic relapse in 149 adult patients with ALL
undergoing allogeneic HSCT in morphologic remission. MRD was assessed at time of HSCT and
following HSCT. Patients with pre-transplant MRD had a trend for shorter progression-free
survival (PFS) at 2 years compared with patients without MRD, nearing statistical significance,
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28% vs. 47%, p=0.08, on univariate analysis. This trend remained on multivariate analysis with
better PFS in patients without MRD at time of HSCT, hazard ratio (HR) 0.62 (95% CI 0.37, 1.04),
p=0.07. Additionally, emergence of MRD post-HSCT was a strong predictor for overt hematologic
relapse (HR 4, p<0.001) with a median latency interval of 3.8 months. These findings demonstrate
the predictive value of monitoring for MRD peri-transplant in adult patients with ALL.

Keywords

Minimal residual disease; acute lymphoblastic leukemia; allogeneic hematopoietic stem cell
transplantation; prognosis; relapse

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (HSCT) is the only effective therapy for
patients with high-risk or relapsed acute lymphoblastic leukemia (ALL). Select patients with
ALL who have received allogeneic HSCT have a significant survival advantage over patients
without HSCT 16, However, substantial numbers of ALL patients still relapse after HSCT,
mostly occurring within the first two years after transplant. There has been a continuing
effort to improve the identification of patients at high risk for relapse after HSCT 711, with
the goal of early therapeutic intervention to improve outcome.

Minimal residual disease (MRD) at the end of induction or induction/consolidation therapy
is one of the most significant risk factors for subsequent disease relapse in ALL

patients 12-20_ Persistent MRD has become a significant indicator for HSCT or intensified
chemotherapy 1721, The presence of MRD prior to HSCT is also a predictor for relapse, but
has been less well-studied in adults compared with children 22: 23, |n pediatric patients, the
presence of MRD prior to HSCT is highly predictive for post-transplant relapse 24-28, The
frequency of disease progression in children with MRD prior to HSCT is about 3-fold the
frequency in children without MRD. However, the impact of MRD at time of HSCT in
adults with ALL is less clear, with conflicting results. In reports by Bassan 21 and Spinelli
and colleagues 2%, MRD was assessed at time of transplant using polymerase chain reaction
(PCR) amplification and patient leukemia specific probes, and was found to be a predictor
for relapse. In contrast, in the UKALL XIlI/Eastern Cooperative Oncology Group (ECOG)
2993 study using similar methods to assess for MRD in 161 patients with B-lineage
Philadelphia chromosome-negative ALL, the presence of MRD was not associated with a
higher rate for relapse 21 23, Interestingly, MRD at time of autologous HSCT was associated
with a higher rate of relapse suggesting that the graft versus leukemia (GVL) effect was
protective against MRD in the allogeneic HSCT setting.

Furthermore, there are only limited studies of the risk, or tempo, of progression in patients
who demonstrate positive MRD soon after HSCT 30 31, Using immunoglobulin and T-cell
receptor rearrangements as clonal markers, Uzunel and colleagues showed that detectable
MRD preceded relapse in 8 of 14 patients, with a median time of 5 months between first
MRD detection and relapse 30. Regular MRD monitoring after transplant may offer an
opportunity to detect emerging hematological relapse before overt hematological relapse,
and thus provide a window for therapeutic intervention.
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In this retrospective study, we investigated whether MRD before transplant as well as post-
transplant had an association with patient outcomes, including overall (OS) and progression-
free survival (PFS).

PATIENTS and METHODS

Patients

Donors

Uniform assessment of MRD by flow cytometric immunophenotyping (FCI) was established
at our hospital in 2004. Therefore, our study cohort was limited to patients who received a
first allogeneic HSCT at MD Anderson Cancer Center (MDACC) starting in February 2004
through October 2012. Patients needed to be in complete remission and have available MRD
assessment by FCI within 30 days prior to HSCT. A total of 149 patients met these criteria
and are included in the current study. The first assessment of MRD after SCT was done
approximately 30 days after the procedure, and 135 patients had post-SCT MRD
assessments. Patients were treated on clinical trials that were approved by the institutional
review board (IRB), and written informed consent was obtained in accordance with the
Declaration of Helsinki.

HLA typing for class | antigens was performed using standard serologic or low resolution
molecular techniques, followed by confirmatory typing with high-resolution molecular
typing using PCR for class | and Il antigens for sibling donors; high-resolution molecular
typing of class I and Il antigens was performed for all unrelated donors. Peripheral blood
stem cells were obtained from donors using standard mobilization protocols and apheresis
techniques, with a target progenitor cell dose of 4 x 108 CD34+ cells/kg and minimal
acceptable dose of 2 x 108 CD34+ cells/kg; bone marrow was used if peripheral blood could
not be used. Stem cells from all related donors were collected at M. D. Anderson Cancer
Center. Peripheral blood progenitor cells or bone marrow harvests from unrelated donors
were obtained through the National Marrow Donor Program. All grafts were T lymphocyte
replete.

Conditioning regimens

Patients received a variety of myeloablative transplant preparative regimens, based on
available existing protocols at time of treatment. Conditioning intensity was defined
according to CIBMTR criteria. 32 Myeloablative, radiation-based regimens were largely
considered for patients younger than 50 years of age, and included cyclophosphamide (Cy)
60 mg/kg i.v. for 2 days, followed by 12 Gy of total body irradiation (TBI) 33. 34,
Additionally, CyTBI was combined with rituximab 375 mg/m?2 weekly for 4 doses 3, or
alemtuzumab 10 mg for 5 doses, or TBI was combined with a single dose of etoposide at 60
mg/kg +/- rituximab. Non-TBI, myeloablative regimens included intravenous busulfan (Bu)
at 130 mg/m? infused daily for 4 days, either as a fixed dose per body surface area, or based
on pharmacokinetic data derived from Bu test dose followed by melphalan (Mel) 70 mg/m?
for 2 doses 36 or followed by clofarabine 40 mg/m? for 4 doses 37. Additionally, fludarabine
(Flu) was administered at 25 mg/m? daily x5 doses followed by 2 daily doses of Mel 70
mg/m2.

Clin Lymphoma Myeloma Leuk. Author manuscript; available in PMC 2017 September 26.
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Supportive care

Graft versus host disease (GVHD) prophylaxis consisted of a combination of tacrolimus and
mini-dose methotrexate in all patients. Patients with matched unrelateddonors additionally
received antithymocyte globulin for total dose of 4 mg/kg infused over three days. Central
nervous system (CNS) prophylaxis after HSCT was recommended for patients with a prior
history of CNS disease. Tyrosine kinase inhibitor (TKI) maintenance following HSCT was
physician-based, and administered as feasible for patients with Ph+ ALL with adequate cell
count recovery following HSCT. Institutional transplant guidelines for antimicrobial
prophylaxis and blood transfusions were followed.

MRD assessment by FCI

MRD was assessed using multiparameter FCI with a sensitivity of 0.01%. Bone marrow
aspirate specimens were analyzed using a panel of 10-21 markers, including in most cases
CD10, CD13, CD15, CD19, CD20, CD22, CD33, CD34, CD38, CD45, CD58, and CD66¢
for B-lineage ALL38 and CD1, CD2, cytoplasmic CD3, surface CD3, CD4, CD5, CD7,
CD8, CD10, CD13, CD33, CD34, CD45, CD56, HLA-DR and TdT for T-lineage ALL. Data
were collected on 200,000 nucleated bone marrow cells. At the beginning of the study,
samples were stained with 8-10 four-color tubes, and later samples were stained with 4 six-
color tubes for B-lineage ALL and 5 seven-color tubes for T-lineage ALL. CD19 was
included in each tube for gating in B-lineage ALL, along with CD34 to delineate the
immature subset. Cytoplasmic CD3 staining was used for gating in T-lineage ALL, with
surface CD3 also included in each tube to identify immature (surface CD3-negative) cells.
MRD was scored as positive based on a distinct cluster of at least 20 cells on bivariate dot-
plots, showing a significant difference in the level of expression (>=3-fold) of 2 or more
antigens, in comparison to the known phenotype of benign immature B-cell precursors, or of
mature marrow T and NK cells. Levels of MRD were reported as a fraction of total
nucleated bone marrow cells. Samples for MRD were obtained within 30 days prior to
HSCT, approximately 30 days following HSCT, and then every 3-6 months as feasible.

Clinical outcome variables and statistical methods

The disease stage at transplantation was defined using established criteria based on bone
marrow morphology. Complete response (CR) was defined as normalization of cytogenetics
and less than 5% bone marrow blasts. Response was documented as best response occurring
after day 30 following HSCT. Molecular response measured by gPCR assay for BCR-ABL
fusion transcripts developed at MDACC as previously described 3% was obtained when
possible. Disease progression was defined as leukemic blast count equal to or greater than
5%. Non-relapse mortality (NRM) was defined as death from any cause other than disease
progression. Acute graft versus host disease (GVHD) was clinically graded as 0 to IV based
on standard criteria 49; chronic GVHD was classified as none, limited, or extensive 41. Acute
GVHD, which persisted or progressed after day 100, was also scored as chronic GVHD in
this study. Counts of patients by baseline characteristics were tabulated for this retrospective
cohort. Patient characteristics were compared between patients with and without pre-
transplant MRD using the chi-square tests, with two exceptions. If there were expected cell
counts of less than 5, then the exact test p-value was used #2. For variables with a natural
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ordering in the categories, the exact p-value for the Jonckheere-Terpstra (J-T) test 43 was
used to accommodate the ordering and small sample sizes. Overall survival was defined as
the time from transplant until death. Patients alive at last contact were censored for OS on
the date of last contact. Progression-free survival was the time from transplant until death or
progression, whichever came first. Patients alive and free of progression at the last follow-up
for progression were censored for PFS on the date of last follow-up. Additionally, the time
to development of post-transplant MRD (TTMRD) was defined as the time from transplant
to the subsequent development of MRD. Patients who never developed MRD were censored
for TTMRD at the date of last biopsy. Post-MRD measures of OS and PFS were measured
and censored similarly among patients who developed MRD, but with the starting date as
MRD detection instead of transplant. Kaplan-Meier estimates 44 were calculated for OS and
PFS overall and for patient characteristics at transplant. The relationship between each of
these characteristics and measures were tested with log-rank tests. Post-transplant MRD and
extensive chronic GVHD were tested as time-varying covariates. All measures were tested in
a proportional hazards regression model #° using time-varying covariates as needed. All
variables except allotype were entered into the model initially. A backwards selection model
was performed requiring MRD to remain in the model, but then sequentially eliminating the
least significant variable until all remaining variables had a p-value of 0.05 or less. The time
to MRD was estimated by the Nelson-Aalen 4647 cumulative hazard function. Chi-square
and J-T tests were performed in Cytel Studio 8 (Cytel Inc., Cambridge, MA). Time-to-event
analyses were performed in SAS 9.2 (SAS Institute Inc, Cary, NC) and figures were
produced in STATA 12.1 (StatCorp LP, College Station, TX).

RESULTS

Patient and treatment characteristics

Minimal residual disease was detected in 32 patients at time of HSCT (21%). Patient
demographics and baseline disease characteristics are listed in Table 1 based on association
with MRD. There were 91 (61%) men and 58 (39%) women, with a median age 36 years
(range, 18-70 years). One hundred twenty-nine (87%) had B-lymphoblastic leukemia and 20
(13%) patients had T-lymphoblastic leukemia/lymphoma. Among 134 patients with
available cytogenetic data at diagnosis, 80 (60%) were considered high risk defined by the
presence of the t(9;22), t(4;11), hypodiploid or complex cytogenetics, 2 patients (1%) were
classified as good risk by the presence of hyperdiploidy, and the remaining 52 patients
(39%) were intermediate risk. Specifically, 30 patients had the t(9;22) translocation. At time
of transplant, all patients were in complete remission, including 72 (48%) in first CR (CR1),
70 (47%) in CR2, and 7 (5%) in CR3. All patients received HLA-matched transplants with
either related (n=84) or unrelated donors (n=65). The stem cell source was either bone
marrow (n=47) or peripheral blood (n=102). All patients received myeloablative
conditioning with TBI (n=39), or without (n=110). Patients were uniformly treated with
tacrolimus and mini-dose methotrexate for GVHD prophylaxis. Patient age, disease status at
time of HSCT, and cytogenetic risk were significantly associated with MRD status. There
was a trend for the association of sex with MRD status.

Clin Lymphoma Myeloma Leuk. Author manuscript; available in PMC 2017 September 26.
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Prognostic significance of MRD detected at time of HSCT

A total of 73 patients died with a 2-year OS estimate of 51%. Patients without pre-transplant
MRD had a longer OS, but not significantly so, with 55% vs. 40% alive at 2 years (Table 2,
Figure 1A). A total of 84 patients relapsed or died for a progression-free survival of 42% at
2 years, with a trend for better PFS in patients without MRD at time of HSCT, 47% versus
28% (p=.08) (Figure 1B). In multivariate analysis, the absence of pre-transplant MRD was
associated with better PFS (hazard ratio (HR) = 0.62) nearing significance (p=.07) (Table 3).
When MRD was analyzed as high (>0.1%) vs low (< 0.1% and = 0.01%) levels, the higher
levels of MRD were associated with a higher rate of relapse, with 2-year PFS 21% vs. 34%,
but not statistically significant, p=0.19 (Table 2). Additionally, older age and disease stage
greater than CR1 were associated with significantly worse OS and PFS in multivariate
analyses (Table 3). Furthermore, unrelated allotype (p=0.02) and peripheral blood grafts
(p=0.04) were associated with worse OS but not PFS in multivariate analyses (Table 3).

Prognostic significance of MRD detected after HSCT

One hundred thirty-five patients were monitored for post-HSCT MRD by FCI starting at the
first month after transplant; 20 of them became positive for MRD with an overall post-
transplant MRD rate of 25% (Figure 2A). Thirty of the 135 patients were still free of MRD
at 2 years. The presence of MRD post HSCT was associated with significantly worse PFS
and OS in univariate and multivariate analyses (Table 4). Among the 20 MRD positive
patients, 18 (90%) developed overt hematological relapse. For 7 patients with MRD detected
at 30 days post-HSCT, 6 developed hematological relapse (86%); whereas of 13 patients
with MRD detected more than 1 month after HSCT, 12 (92%) developed hematological
relapse. The median time between detection of MRD post HSCT and overt hematological
relapse was 3.8 months (95% CI: 0.9, 8.4 months) (Figure 2B). Not all patients with disease
progression had preceding detectable MRD by FCI. Among 32 patients with hematological
relapse, 13 (41%) patients did not have MRD in the preceding MRD assessment performed
within 3 months prior to the overt relapse. The type of transplant conditioning (with or
without TBI) did not impact progression in this group (data not shown). Furthermore, five
patients with Ph+ ALL received post transplant TKI therapy, and again there was no impact
on progression.

DISCUSSION

To our knowledge, this is one of the largest studies on ALL MRD in adults using a uniform
detection method at the time of HSCT and following transplant. We demonstrated that the
presence of MRD detected by FCI at time of HSCT is nearly a significant risk factor for
post-HSCT relapse in univariate and multivariate analyses (Tables 2 and Table 3, Figure
1A). We were unable to show significance likely due to the relatively small sample size.
Furthermore, we demonstrated that patients with MRD at time of transplant were more
likely to be younger, have intermediate-risk cytogenetics, and have disease beyond first
remission (Table 1). The associations of MRD with age and cytogenetic classification may
reflect our practice pattern of more commonly transplanting intermediate risk patients, i.e.
younger patients with non-high risk cytogenetics, only if they have persistent MRD. The
association of MRD and advanced disease stage follows biology. Finally, MRD detected

Clin Lymphoma Myeloma Leuk. Author manuscript; available in PMC 2017 September 26.
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after HSCT was highly predictive for overt hematological relapse, with a median latency
interval of approximately 3.8 months (Table 4, Figure 2).

The significance of MRD detected at time of transplant raises an important question as to
whether we can derive benefit by further treating the patient to lower the MRD burden prior
to transplant. The dose effect of MRD burden at time of transplant on risk of relapse has
been well documented in children. Leung and colleagues recently reported a higher rate of
relapse (40% at 5-year) in patients with higher MRD burden (=0.1%) detected by FCI, as
compared to 16% in patients with a MRD burden between 0.01% and 0.1%%8. Similar trends
have been shown in prior pediatric studies by PCR methods, where patients with higher
levels (= 0.1%) of pre-HSCT MRD had inferior 5-year event-free-survival (EFS) (21%) than
patients with lower level (< 0.1%) MRD (41%) or without MRD (75%) 26-28.49 | this
study, we showed similar findings for progression in adults with ALL.: the subset of patients
with MRD =0.1% had the shortest PFS (21% at 2 years) as compared with the subset of
patients with MRD <0.1% (34% at 2 years) and without MRD (47% at 2 years); we did not
find significance, p=0.19 (Table 2). However, we were not able to study this important
question in detail due, or find significance, possibly due to small patient numbers. This is an
important clinical question since treating patients more intensely to decrease disease burden
is associated with more treatment-related toxicity, and the GVL effect may be able to control
a certain disease “level”. However, this level has not been defined in the current literature,
and the differential effect of MRD burden on disease relapse likely contributes to the
discrepancies noted in studies, with some reporting a higher risk for relapse 2% 29 and others
not 23, Small patient numbers also precluded us from studying the impact of MRD by
disease status. Due to the small sample size, we grouped patients with remissions beyond
CR1 together despite the fact that biologically they may be more resistant to treatment, and
thus the presence of MRD in the more advanced disease group may have different impact.

In this study, we also found that MRD detected by FCI after transplant was closely
associated with overt hematological relapse. The risk was strongly significant in both
univariate (hazard ratio =3.6, p < .001) and multivariate (hazard ratio =4.4, p <.001)
analyses (table 4). These findings suggest that post-HSCT MRD is an important predictor
for overt hematological relapse; MRD monitoring after HSCT at 2-3 month intervals may
detect as many as 60% of patients with emerging hematological relapse, which may provide
a window of opportunity for early intervention. Of note, in our study and the study by Zhao
et al, approximately 40% of post-transplant relapses had no preceding MRD detectedwithin
3 months before diagnosis of relapse. Overt hematological relapse without preceding MRD
may be attributed to rapid disease progression or low detection sensitivity due to patchy
distribution of the residual disease. Hemodilution of the bone marrow aspirate sample also
can be a contributing factor, especially if the latter portion of the aspirate specimen is
collected for flow cytometric studies.

CONCLUSION

In conclusion, we noted an association for MRD, detected by FCI before and after HSCT,
and subsequent hematological relapse. Our findings are confined to the level of sensitivity of
our FCI method, and small patient numbers precluded more detailed study of MRD burden

Clin Lymphoma Myeloma Leuk. Author manuscript; available in PMC 2017 September 26.
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and relapse risk. Still, our observations, which are in accordance with the bulk of the MRD
literature, have important clinical ramifications. For patients with Ph+ ALL, the presence of
MRD would warrant use of TKIs; for Ph negative patients novel interventions are needed.
Additionally, the burden of MRD may have a differential impact on relapse, and may be a
useful guide for the intensification of treatment prior to transplant, and the intensification of
the transplant preparative regimen. Finally, the prognostic utility of MRD after HSCT is
highly specific, but its sensitivity is limited since approximately 40-50% of patients can
develop relapse without MRD in the preceding 3 months. These findings need to be further
investigated in large, prospective studies.
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Clinical Practice Points

This study corroborates the existing literature on the prognostic importance of minimal
residual disease (MRD) in patients undergoing therapy for acute lymphoblastic leukemia
(ALL). The presence of MRD at time of transplant indicates the need for additional
intervention in efforts to minimize the risk for relapse.
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Figure 1A.
Overall Survival by Pre-Transplant Minimal Residual Disease Status
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Progression-Free Survival by Pre-Transplant Minimal Residual Disease Status
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Figure 2A.
Time to MRD after Transplant.
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Figure 2B.
Time to Progression after Post-Transplant MRD among Patients with MRD
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Table 1

Patient Characteristics by Pre-Transplant MRD Status

Pre-Transplant MRD

No Yes
Characteristic N (%) N (%) P-value
All Patients 117 (79) 32 (21)
Age 0.05
<40 years 65 (73) 24 (27)
240 years 52 (87) 8 (13)
Sex 0.31
Male 69 (76) 22 (24)
Female 48 (83) 10 (17)
Disease Status * 0.003
15 CR/CRi 65(90)  7(10)
2nd CR/CRi 46 (66) 24 (34)
3 CR/CRi 6 (86) 1(14)
Cytogenetic Risk 0.02
Good 2 (100) 0 (0)
Intermediate 35 (67) 17 (33)
High 69 (86) 11 (14)
Unknown ™™ 11(73) 4(27)
Phenotype >0.99
T cell 16 (80) 4(20)
B cell 101(78)  28(22)
Conditioning Regimen 0.23
TBIMAC 28 (72) 11 (28)
nonTBIMAC 89 (81) 21 (19)
Allotype 0.11
Matched Related 62 (74) 22 (26)
Matched Unrelated 55 (85) 10 (15)
Cell Type 0.37
PB (HPC-A) 78(76) 24 (24)
BM (HPC-M) 39 (83) 8 (17)

*
Due to the natural ordering of these variables, they were tested with the JT test.

Ak
Patients with Unknown Cytogenetic Risk were not included in the analysis
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Disease and Survival Outcomes by Pre-Transplant Characteristics (Univariate)

[ON] PES

Characteristic N Deaths  2-year estimate (SE) P-value Events 2-year estimate (SE) P-value

All Patients 149 73 51% (5%) 84 42% (5%)

MRD Pre-Transplant 0.22 0.08
No 117 53 55% (5%) 60 47% (5%)

Yes 32 20 40% (10%) 0s 24 28% (8%) PFS

MRD Pre-Transplant 0.46 0.19
No (0) 117 53 55% (5%) 60 47% (5%)

Low (0.1) 17 10 38% (13%) 11 34% (12%)
High (>0.1) 15 10 44% (14%) 13 21% (11%)

Age 0.02 0.05
<40 years 89 40 59% (6%) 47 47% (6%)

240 years 60 33 38% (8%) 37 33% (7%)

Sex 0.05 0.16
Male 91 50 45% (6%) 54 37% (6%)

Female 58 23 61% (7%) 30 49% (7%)

Disease Status 0.08 0.07
1t CR/CRIi 72 29 63% (6%) 36 51% (7%)

Later CR/CRi 77 44 41% (6%) 48 34% (6%)

Cytogenetic Risk 0.98 0.71
High 80 39 55% (6%) 47 44% (6%)
Intermediate/Good 54 26 48% (8%) 29 39% (7%)

Phenotype 0.70 0.67
T cell 20 10 31% (13%) 11 33% (12%)

B cell 129 63 54% (5%) 73 44% (5%)

Conditioning 0.50 0.22

Regimen
TBI 39 21 60% (8%) 22 52% (8%)
nonTBI 110 52 47% (6%) 62 37% (6%)

Allotype 0.21 0.57
Matched Related 84 38 53% (6%) 47 43% (6%)

Matched Unrelated 65 35 49% (7%) 37 42% (7%)

Cell Type 0.19 0.11
PB (HPC-A) 102 53 48% (5%) 62 40% (5%)

BM (HPC-M) 47 20 59% (8%) 22 48% (8%)
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Table 3

Survival and Disease Outcomes based Pre-Transplant Characteristics

(73 Events) (84 Events)
Characteristic Hazard Ratio (95% Cl) P-value Hazard Ratio (95% CI) P-value
MRD Pre-Transplant (No: Yes) 0.66 (0.37, 1.15) 0.14 0.62 (0.37, 1.04) 0.07
Age (<40:240) 0.49 (0.30, 0.82) 0.01 0.50 (0.31, 0.81) 0.004
Disease Status (1% Later CR/CRi) 0.60 (0.36, 0.99) 0.05 0.63 (0.397, 1.00) 0.05
Allotype (Related: Unrelated) 0.54 (0.32, 0.92) 0.02 NI
Cell Type (PB: BM) 1.9 (1.03, 3.34) 0.04 NI

NI =Not Included, indicates that the variable was not included in the final model after the selection procedure was finished. Every model was
required to include MRD. The remaining variables in the full model were age, sex, disease status, histology, conditioning regimen, allotype, and
cell type. Only variables that were significantly associated with at least one outcome after model selection are listed in the table.
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Survival and Disease Outcomes by Characteristics and Post-Transplant MRD and GVHD for 135 Patients with

Post-Transplant MRD Measurements

OS (60 Events)

PFS (70 Events)

Characteristic Hazard Ratio (95% CI) P-value Hazard Ratio (95% Cl) P-value
*
Univariate MRD Post-Transplant (Yes: No) 33(18,58) <0.001 361,63 <0.001
*

Univariate cGVHD Post-Transplant (Yes: No) 18(0.9,3.6) 0.09 13(0.7,24) 0.46

Multivariate Analyses
*

MRD Post-Transplant (Yes: No) 35(20.62) <0.001 442578 <0.001

Disease Status (1 Cr/CRi: not 1%t CR/CRi) NI 21(12,37) 0.01

Phenotype (B cell: T cell) 0.5(0.3,1.0) 0.05 NI

Conditioning Regimen (nonTBI:TBI) 21(1.1,41) 0.03 NI

NI =Not Included, indicates that the variable was not included in the final model after the selection procedure was finished. Every model was
required to include post-transplant MRD. The remaining variables in the full model were pre-transplant MRD age, disease status, histology,
conditioning regimen, cell type, AGVHD, and CGVHD. Only variables that were significantly associated with at least one outcome are listed in the

table.

*
MRD Post-Transplant and cGVHD were included as time-varying covariates, so the group size changed over time. In all, 20 patients had MRD

detected after transplant and 21 had extensive cGVHD.
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