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Abstract

Graft-versus-host disease (GVHD)-free, relapse-free survival (GRFS) represents complete, ideal 

recovery after allogeneic hematopoietic cell transplantation (HCT). However, as originally 

proposed, this composite endpoint does not account for the possibility that HCT complications 

may improve after treatment. To more accurately estimate survival with response to GVHD and 

relapse after HCT, we developed a dynamic multistate GRFS (dGRFS) model with outcomes data 

from 949 patients undergoing their first allogeneic HCT for hematologic malignancy at the 

University of Minnesota. Because some patients were successfully treated for GVHD and relapse, 

dGRFS was higher than the originally defined time-to-event GRFS at 1 year (37.0 versus 27.6%) 

through 4 years (37.4% versus 22.2%). Mean survival without failure events was .52 years (95% 

confidence interval, .45 to .58 year) greater in dGRFS compared with the originally defined GRFS. 

Patient age (P< .001 ), disease risk (P < .001 ), conditioning intensity (P = .007), and donor type (P 
= .003) all significantly influenced dGRFS. The multistate model of dGRFS closely estimates the 

continuing and prevalent severe morbidity and mortality of allogeneic HCT. To serve the greater 

HCT community in more accurately modeling recovery from transplantation, we provide our R 

code for determination of dGRFS with annotations in Supplementary Materials.
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INTRODUCTION

Describing the outcomes of allogeneic hematopoietic cell transplantation (HCT) with a 

binary endpoint (survival versus death) is inadequate to capture the complex patient 

experience. The most successful HCT procedures are characterized by tolerable conditioning 

regimens that do not result in severe organ damage, permit rapid engraftment and immune 

reconstitution so patients do not succumb to infections or bleeding, and control malignant 

disease without excess alloreactivity in the form of acute or chronic graft-versus-host disease 

(GVHD). Many patients survive the HCT procedure but have ongoing morbidity. Capturing 

these complexities accurately is critical to understanding the impact of new modalities of 

HCT that may benefit one aspect of the procedure but worsen another— for example, 

stronger GVHD prophylaxis that impedes immune reconstitution, leading to an elevated risk 

of fatal infection or relapse.

GVHD-free, relapse-free survival (GRFS) is a composite endpoint developed by the Blood 

and Marrow Transplantation Clinical Trials Network (BMT CTN) designed to capture the 

complex outcomes of HCT. GRFS represents recovery following HCT without severe 

morbidity (ie, alive, without relapse, and without having experienced grade III-IV acute 

GVHD or chronic GVHD requiring systemic immunosuppression) [1]. GRFS can compare 

clinically important outcomes that accompany different HCT techniques better than a binary 

endpoint. However, GRFS only recognizes the first of several possible events and does not 

consider events that may occur but then resolve with appropriate treatment (eg, relapse 

controlled with chemotherapy or donor lymphocyte infusion, GVHD that responds 

completely to steroids). Therefore, models that more closely follow the trajectory of a 

population after resolution of relevant clinical complications (eg, alive with resolved acute or 

chronic GVHD) may be more informative of actual and durable recovery.

Multistate models are able to capture transitions between clinical states, modeling stochastic 

transitions between progression to, and improvement from, a finite number of conditions 

over time [2]. To more closely estimate the overall morbidity of allogeneic HCT for 

hematologic malignancies, we developed a multistate model that captures improvement of 

up to 2 occurrences of major complications of allogeneic HCT (Figure 1) and reflects the 

prevalence of failure events over time. We show that our dynamic GRFS (dGRFS) model, 

developed with data from both adult and pediatric HCT, is improved by approximately 10% 

compared with the conventional definition of GRFS owing to resolution of some important 

complications. Using this index, we demonstrate that nearly two-thirds of recipients of HCT 

experience severe complications within the first year post-HCT, many of which persist over 

time, highlighting the need for continued efforts to mitigate the most common modes of 

failure: relapse and GVHD.
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METHODS

Study Design

The objective of this study was to assess the clinical benefit of allogeneic HCT using a 

multistate composite endpoint of dGRFS and to determine the clinical factors associated 

with dGRFS success or failure. GRFS events were defined as grade III-IV acute GVHD (as a 

maximum, not onset grade), chronic GVHD requiring systemic immunosuppressive 

treatment, disease relapse, or death from any cause during the first 4 years after allogeneic 

HCT. Relapse was defined as morphological evidence of hematologic malignancy. 

Improvement of the event to remove a patient from a disease state was defined as follows: 

the date of response to immunosuppressive therapy for grade 11I-IV acute GVHD (both 

complete response [CR] and [PR] partial response were included based upon previous data 

showing no negative impact of PR on non-relapse mortality [3]); the date that clinical 

manifestations resolved to the point where systemic immunosuppression was not required 

for chronic GVHD; and for patients with recurrent malignancy the date of achievement of a 

complete response to treated relapse. We also compared dGRFS with recently described 

current GRFS, which omitted acute GVHD as an event and considered chronic GVHD a 

dynamic event [4].

The study sample included 949 consecutive pediatric and adult allogeneic HCT recipients 

from the University of Minnesota who underwent HCT for malignant disease between 2000 

and 2013 and includes the outcomes of 907 patients described in our original GRFS report 

[1], This period was selected to maximize capture of 4-year outcomes for the surviving 

patient population. Only first allogeneic HCT procedures were included in this analysis. 

Eligible patients included recipients of grafts from an 8/8 HLA allele-matched sibling, an 

8/8 HLA-matched unrelated donor (URD), single or double umbilical cord blood (UCB) 

graft. Patients were excluded if they were recipients of grafts from HLA-mismatched 

siblings, HLA-mismatched URD, or haploidentical donors because of their infrequency in 

our population during this study period.

Patient and Treatment Characteristics

Clinical factors examined included year of transplantation (2000–2007 or 2008–2013), 

previous autologous HCT, age (<21 versus 21+ years), sex, diagnosis (acute lymphoblastic 

leukemia, acute myelogenous leukemia [AML], myelodysplastic syndrome/

myeloproliferative neoplasms/chronic myelogenous leukemia, non-Hodgkin lymphoma/

Hodgkin lymphoma/chronic lymphocytic leukemia, or other malignancy), cytomegalovirus 

serostatus, conditioning (myeloablative conditioning with or without total body irradiation, 

reduced-intensity conditioning [RIC] with or without antithymocyte globulin), GVHD 

prophylaxis (cyclosporine or tacrolimus with either methotrexate [MTX] or mycophenolate 

mofetil [MMF], sirolimus, or T cell depletion), donor type (matched sibling donor [MSD], 

matched URD, UCB), stem cell source (bone marrow [BM], peripheral blood stem cells 

[PBSCs], or cord blood), and disease risk (standard or high risk). Disease risk was classified 

as standard risk or high risk based on the American Society for Blood and Marrow 

Transplantation’s Request for Information 2006 risk scoring schema. Disease-free survival 

was defined as the time from transplantation to relapse of the underlying malignancy for 
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which the transplantation was performed or death. Overall survival (OS) was defined as the 

time from transplantation to death. All patients or their parents/guardians signed written 

informed consent allowing the use of their medical data in clinical research. All HCT and 

data collection protocols were reviewed and approved by the University of Minnesota 

Institutional Review Board.

Statistical Analysis

OS, disease-free survival, and conventional GRFS were estimated by the Kaplan-Meier 

method. Estimates of the current GRFS curve was obtained following the method of 

Solomon et al [4]. The model for calculating dGRFS curve is based on 13 possible health 

states after transplantation (Figure 1), which accommodates 2 possible episodes of relapse, 

acute GVHD, and chronic GVHD, and their improvement:

1. Alive and in first post-transplantation remission

2. Dead

3. Alive, in first episode of relapse or acute/chronic GVHD

4. Dead, in first episode of relapse or acute/chronic GVHD

5. Alive, in first episode of relapse with concurrent acute/chronic GVHD

6. Dead, in first episode of relapse with concurrent acute/chronic GVHD

7. Alive, back in remission without acute/chronic GVHD

8. Dead, back in remission without acute/chronic GVHD

9. Alive, in second episode of relapse or acute/chronic GVHD

10. Dead, in second episode of relapse or acute/chronic GVHD

11. Alive, in second episode of relapse and acute/chronic GVHD

12. Dead, in second episode of relapse and acute/chronic GVHD

13. Alive, in remission and without acute/chronic GVHD

The dGRFS model treats acute GVHD, chronic GVHD, and relapse as dynamic events. 

dGRFS is the probability that one stays n states 0,6, and 12, corresponding to survival in 

remission and without ongoing acute or chronic GVHD. The calculation of dGRFS curve 

follows that of current GRFS described by Solomon et al [4], which is the linear 

combination of 5 Kaplan-Meier estimates, represented by the formula C(t) = S_1 (t) + [S_2 

(t) - S_3 (t)]+[S_4 (t) - S_5 (t)]. Here S_1 (t) represents the survival function corresponding 

to the event of death, first relapse, or initial acute or chronic GVHD, which is the chance that 

a patient stays in state 0. For S_2 (t), the event is second episode of relapse or acute/chronic 

GVHD, or death before the second episode of relapse or acute/chronic GVHD. For S_3 (t), 
the event is end of first episode of relapse and/or acute/chronic GVHD, or death before the 

end of first episode of relapse and/or acute/chronic GVHD. The difference between S_2 (t) 
and S_3 (t), [S_2 (t) - S_3 (t)], is the probability of being in state 6. S_5 (t) is OS with death 

as the events. For S_4 (t), the event is end of second episode of relapse and/or acute/chronic 

GVHD, or death before the end of second episode of relapse and/or acute/chronic GVHD. 
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The difference between S_4 (t) and S_5 (t), [S_4 (t) - S_5 (t)], is the probability of being in 

state 12. In this dynamic event model, we use loops between States 2 and 4 and 8 and 10 to 

model the changes of multiple dynamic events within a continuous period. A patient could 

have developed and recovered from GVHD multiple times in each loop. The R code for the 

dGRFS model with annotations is included in Supplementary Materials.

We used resampling-based permutation tests to test the significance of dGRFS difference at 

year 1 between different strata defined by clinical factors [5]. In each of the permutation 

tests, 10,000 permuted datasets were generated, which have the same survival data of the 

subjects but with the values of the clinical factor of interest randomly allocated to subjects. 

The 10,000 realizations of difference in dGRFS between subgroups defined by the clinical 

factor approximates its distribution under the null hypothesis no difference in dGRFS 

between subgroups of the factor. Pvalues were obtained by finding the proportions of 10,000 

dGRFS differences greater than the observed value in original data.

RESULTS

Patient Characteristics

Nine hundred and forty-nine HCT recipients were included in this study (Table 1). The 

majority of HCT procedures in this cohort were performed for acute leukemia (66%), and 

nearly one-half of the patients (46%) received RIC. The median patient age was 43 years 

(range, 1 to 75 years), and 24% were age <21 years. Donor sources included MSD bone 

marrow (BM; 6%) and PBSCs (29%), matched URD marrow (7%) and PBSC (2%), and 

UCB (56%). The median duration of follow-up was 8.1 years (1 to 16.4 years).

Comparison of Clinical Endpoints

Because some patients were successfully treated for GVHD and relapse, dGRFS was higher 

than conventional GRFS at 1 year (37.0% versus 27.6%), and this continued throughout the 

4 years (37.4% versus 22.2%). The mean survival time without failure events was .52 years 

greater (95% confidence interval [CI], .45 to .58 years) in dGRFS compared with the 

original GRFS definition. Conventional GRFS treats GVHD as a nondynamic event and as 

such shows a persistent downward trend over years 1 to 4 (Figure 2). In contrast, there was 

little change in dGRFS after year 1. This lack of difference in dGRFS over time is due 

predominantly to patients with the acute GVHD grade III-IV endpoint transitioning out of 

that disease state and surviving. More than one-half (57%; 89 of 156) of patients with an 

acute GVHD event had a CR or PR to therapy and remained alive without transitioning to 

other states. Therefore, the population of patients who remained in a disease state with 

persisting acute GVHD was small (67/949,7%). In addition, 40% (165/411) of patients who 

went into a relapse state at least temporarily improved into a remission state.

Clinical Factors Associated with dGRFS

Factors associated with dGRFS were similar to those influencing GRFS from our prior 

report [6]. Patient age <21 years was associated with a 28.7% higher dGRFS at 1 year 

compared with adults age ≥21 years (58.7% versus 30.0%; P < .001) (Figure 3A). High-risk 

disease was associated with a 15.4% lower dGRFS at 1 year compared with standard-risk 
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disease (26.5% versus 41.9%; P < .001) (Figure 3B). Myeloablative conditioning was 

associated with a higher dGRFS than RIC (41.5% versus 31.6%; P = .007) (Figure 3C). 

Donor type also significantly influenced dGRFS (P = .003) with recipients of matched 

sibling donor BM experiencing the highest dGRFS at 1 year (64.9%), followed by UCB 

(41.7%), URD BM (35.8%), MSD PBSCs (23.4%), and URD PBSCs (12.5%) (Figure 3D).

DISCUSSION

The experience of allogeneic HCT recipients is complex to model and describe. We have 

developed a novel composite endpoint, dGRFS, which reflects the prevalence of major 

complications of HCT over time. In our cohort of 949 pediatric and adult HCT recipients, 

37% experienced dGRFS (ie, were alive without active GVHD or relapse, or having 

experienced those disease states and resolved them once or twice) at 1 year post-HCT. The 

overall prevalence of patients in a dGRFS state remains relatively stable after year 1, varying 

by <1% through 4 years post-HCT, suggesting that most of the persisting events have 

happened by 1 year and later resolution is uncommon. Our multistate model shows a 10% 

higher dGRFS at 1 year than the original time-to-event GRFS definition. Nonetheless, the 

majority of HCT recipients have experienced, or continue to experience, major 

complications of HCT at 1 year and beyond. Few patients have a smooth clinical course.

As with our previous report, factors that influence dGRFS in our cohort are not easily 

modifiable. Patient age is fixed, but timely referrals for allogeneic HCT may allow for 

treatment earlier in a patient’s disease course, thereby avoiding HCT when a patient has 

transitioned to a high-risk hematologic malignancy. Myeloablative conditioning was also 

associated with a higher dGRFS. Although it is not possible for all patients of advanced age 

to receive myeloablative conditioning, optimizing the conditioning intensity for the patient 

and disease state (eg, myeloablative conditioning for AML up to age 65 if few 

comorbidities) may result in better overall outcomes [7,8].

Donor and graft source are important contributors to dGRFS and may be modifiable for 

some patients. Recipients of marrow grafts from an MSD demonstrated the best dGRFS. 

Although the majority of recipients receiving BM from an MSD in this cohort were 

pediatric, a larger cohort enriched for adult recipients of BM from MSD demonstrated 

improved GRFS with this graft source compared with PBSCs [9]. The optimal donor for a 

patient without an MSD remains of considerable debate. Long-term morbidity/mortality by 

dGRFS was similar for URD BM and UCB in this series. The results of this study and a 

recent Center for International Blood and Marrow Transplantation Research analysis suggest 

that URD PBSC results in inferior GRFS compared with URD BM, UCB, and 

haploidentical grafts [10] and we observed inferior dGRFS for URD or MSD PBSC 

transplants.

We could not assess the impact of GVHD prophylaxis regimens on GRFS in this series, 

because graft source, disease status at HCT, and GVHD prophylaxis regimens were highly 

correlated. Within other cohorts, it may be possible to discern an impact of various regimens 

on dGRFS. Retrospective studies have yielded insights regarding manipulating T cell dose 

and GRFS. A recent report by Simonetta et al [ 11 ] showed a higher GRFS with partial in 
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vitro T cell depletion using alemtuzumab in the graft (54% versus 37%; P < .01 ). The 

European Society for Blood and Marrow Transplantation reported similar improvement in 

GRFS (60% versus 40%, P < .01) with in vivo T cell depletion with antithymocyte globulin 

after myeloablative fludarabine/busulfan conditioning for AML in CR1 [12]. The first 

prospective acute GVHD prophylaxis study with GRFS as its primary endpoint was recently 

reported. BMT CTN 1203 was a randomized, phase II RIC study of 3 novel GVHD 

prophylaxis regimens (tacrolimus [TAC]/MTX/maraviroc, TAC/MTX/bortezomib, and post-

transplantation cyclophosphamide [PTCy]/ TAC/MMF) compared with contemporaneous 

TAC/MTX. In BMT CTN 1203, only the PTCy/TAC/MMF arm was superior to TAC/MTX 

controls in the 1-year GRFS endpoint (46% versus 32%, one-sided P= .04). Both acute 

GVHD grade III-IV (2% versus 13%; P= .006) and chronic GVHD requiring 

immunosuppression (19% versus 32%; P= .04) were significantly less frequent in PTCy 

versus controls, with no difference in relapse/progression (27% versus 25%, p=.34) between 

these arms [13]. A randomized phase III study (BMT CTN 1703) is planned to formally 

compare TAC/MTX versus PTCy/TAC/MMF in RIC HCT.

Since the first publication of the GRFS endpoint, it has been modified by clinical 

investigators to more closely model the cumulative morbidity of allogeneic HCT. The 

original BMT CTN definition included chronic GVHD requiring systemic 

immunosuppression and was later modified to moderate to severe chronic GVHD by 

National Institutes of Health (NIH) criteria [14]. This may help reduce subjectivity and 

physician preference that could influence the endpoint [15]. Solomon et al reported on 

current GRFS, omitting acute GVHD as an endpoint, and considering only NIH moderate to 

severe chronic GVHD as a dynamic event that can resolve [4].

This new construct, dGRFS, closely models the morbidity and mortality of allogeneic HCT, 

recognizing that whereas almost all patients experience clinically significant complications, 

some of those complications, both acute GVHD and relapse, can improve with treatment in 

some patients. We suggest that dGRFS should be considered as a potential clinical trial 

endpoint. Although aGVHD is contributing less to overall mortality in recent years and has 

been eliminated from some models, the impact of aGVHD on quality of life is not trivial. 

Thus, dGRFS could possibly be more closely associated with patient-reported outcomes 

than endpoints that do not include aGVHD, although this requires formal study. 

Interventions aimed at minimizing GVHD while sparing the risk of fatal infections and 

relapse continue to be a high priority for development, especially in the setting of matched 

PBSC transplantation, where dGRFS is the lowest.
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Figure 1. 
Multistate dGRFS.
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Figure 2. 
Comparison of clinical endpoints of OS, disease-free survival (DFS), GRFS by conventional 

definition, and dGRFS by post-transplantation year.
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Figure 3. 
Clinical factors influencing dGRFS, including age (A), disease risk (B), conditioning 

intensity (C), and donor/graft type (D).
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Table 1

Patient and Treatment Characteristics

Characteristic Study Group

Number of patients 949

Age, yr

 <21,n(%) 227 (24)

 ≥21, n (%) 722 (76)

 Median (range) 43.8 (1–75)

Recipient gender, n (%)

 Male 561 (59)

 Female 388 (41)

Donor-recipient sex match, n (%)

 Match 383 (40)

 Mismatch 566 (60)

Diagnosis, n (%)

 ALL 238 (25)

 AML 385 (41)

 MDS/MPN/CML 194 (20)

 NHL/Hodgkins/CLL 115 (12)

 Other malignancy   17 (2)

Disease risk group: high risk, n (%) 304 (32)

Previous autologous HCT, n (%)   43 (5)

Positive recipient CMV serostatus, n (%) 531 (56)

Conditioning, n (%)

 MA 516 (54)

 RIC 433 (46)

GVHD prophylaxis, n (%)

 CsA   39 (4)

 CsA/MMF 628 (66)

 CsA/MTX 235 (25)

 Other   47 (5.0)

Donor type, n (%)

 Matched marrow sibling   57 (6.0)

 Matched PBSC sibling 273 (29)

 Matched marrow URD   67 (7)

 Matched PBSC URD   16 (2)

 UCB (single + double) 536 (56)

Year of HCT, n(%)

 2000–2007 537 (57)

 2008–2013 412 (43)
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ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; CML, chromic myelogenous leukemia; , CMV, cytomegalovirus; CsA, 
cyclosporine; MA, myeloablative conditioning; MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm; NHL, non-Hodgkin 
lymphoma.
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