
A PROGNOSTIC SCORE FOR ACUTE GRAFT-VERSUS-HOST 
DISEASE BASED ON BIOMARKERS: A MULTICENTER STUDY

John E. Levine, M.D.1, Thomas M. Braun, Ph.D.2, Andrew C. Harris, M.D.1, Ernst Holler, M.D.
3, Austin Taylor, B.A.1,4, Holly Miller, D.O.1, John Magenau, M.D.1, Daniel J. Weisdorf, M.D.5, 
Vincent T. Ho, M.D.6, Javier Bolaños-Meade, M.D.7, Amin M. Alousi, M.D.8, L.M. Ferrara, 
M.D.1,4, and for the Blood and Marrow Transplant Clinical Trials Network
1Blood & Marrow Transplant Program, University of Michigan, Ann Arbor

2School of Public Health, University of Michigan, Ann Arbor

3Department of Hematology and Oncology, University of Regensburg, Regensburg, Germany

4The Tisch Cancer Institute, The Icahn School of Medicine at Mount Sinai Hospital, University of 
Minnesota, Minneapolis

5Blood & Marrow Transplant Program, University of Minnesota, Minneapolis

6Department of Medical Oncology, Dana Farber Cancer Institute, Boston

7Department of Oncology, Johns Hopkins School of Medicine, Baltimore

8Department of Stem Cell Transplantation, MD Anderson Cancer Center, Houston

SUMMARY

 Background—Graft-versus-host disease (GVHD) is the major cause of non-relapse mortality 

(NRM) after allogeneic hematopoietic stem-cell transplantation (HCT). The severity of symptoms 

at the onset of GVHD does not accurately define risk, and thus most patients are treated alike with 

high dose systemic corticosteroids. We aimed to define clinically meaningful risk strata for 

patients with newly diagnosed acute GVHD using plasma biomarkers.

 Methods—We prospectively collected plasma from 492 HCT patients with newly diagnosed 

acute GVHD and randomly divided them into training (n=328) and test (n=164) sets. We used the 

concentrations of three recently validated biomarkers (TNFR1, ST2, and REG3α) to create an 

algorithm that computed the probability of NRM six months after GVHD onset for individual 
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patients in the training set alone. We rank ordered the probabilities and identified thresholds that 

created three distinct NRM scores. We evaluated the algorithm in the testset, and again in an 

independent validation set of 300 additional HCT patients enrolled on multicenter clinical trials of 

primary therapy for acute GVHD.

 Findings—In all three datasets, the cumulative incidence of twelve month NRM significantly 

increased as the GVHD score increased (8% [95% confidence interval (CI); 3%, 16%], 27% [95% 

CI; 20%%, 34%], and 46% [95% CI; 33%, 58%], for scores 1, 2 and 3 respectively in the 

multicenter validation set, p<0 · 0001). Conversely, the response rates to primary GVHD treatment 

decreased as the GVHD score increased (86%, 67%, and 46%, for scores 1, 2 and 3 respectively in 

the multicenter validation set, p<0 · 0001).

 Interpretation—Biomarker-based scores can be used to guide risk-adapted therapy at the 

onset of acute GVHD.

 INTRODUCTION

The ability of allogeneic hematopoietic stem cell transplantation (HCT) to cure hematologic 

malignancies is due, in part, to graft-versus-leukemia (GVL) effect mediated by alloreactive 

T cells in the donor graft. But GVL effects remain closely associated with graft versus host 

disease (GVHD) that is mediated by those same T cells as well as natural killer cells.1 

GVHD, which occurs in both acute and chronic forms, remains the major cause of death 

without relapse of primary disease, or non-relapse mortality (NRM).2–4 The primary 

treatment of acute GVHD, high dose systemic glucocorticoids, has not changed in forty 

years.5 Only one-third of patients achieve durable responses to initial corticosteroid therapy 

and survival among the remaining patients is poor.6

One important obstacle to the development of new therapies of acute GVHD is the inability 

to determine risk for an individual patient at the onset of symptoms. Mortality risk correlates 

with maximal clinical severity in current grading systems, which can only be assigned 

retrospectively after the response to treatment is known.7–9Thus, at disease onset most 

patients are treated alike with high dose corticosteroids resulting in significant numbers of 

patients who are both undertreated and overtreated. Overtreated patients who are likely to 

respond to low doses of glucocorticoids experience the additional infectious risks associated 

with profound immunosuppression as well as morbidities such as avascular necrosis of bone 

and diabetes mellitus.10–13Undertreated patients who develop steroid resistant acute GVHD 

experience a mortality rate in excess of 70–90%.14–16

In this study we have developed an algorithm using the concentration of plasma biomarkers 

to predict the probability of six month NRM at the onset of acute GVHD symptoms. This 

algorithm defines three scores with distinct mortality risks that may eventually prove useful 

as a guide to therapy for acute GVHD.
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 METHODS

 Study population

The study population for training and test sets consisted of 792 patients with new onset acute 

GVHD grade I–IV. 492 patients from the University of Michigan and the University of 

Regensburg, Germany provided blood samples at the onset of acute GVHD on IRB-

approved protocols at each center. Both centers used standardized guidance that was 

developed through a long-standing collaboration to minimize variability in the diagnosis and 

estimation of the severity of acute GVHD.17The initial dose of systemic corticosteroid 

therapy for GVHD treatment was between 1–2 mg/kg/day of methylprednisolone, as 

determined by the treating physician who used best medical judgment that considered a 

variety of factors such as GVHD severity and timing, donor source, infectious history, 

relapse risk, etc.300 patients from multiple centers who provided blood samples at the time 

of enrollment on Blood and Marrow Transplant Clinical Trial Network (BMT CTN) clinical 

trials of primary therapy for GVHD (see Supplemental Methods) formed an independent 

multicenter validation set. Patients from the University of Michigan who participated in 

BMT CTN clinical trials were included only in the training and test set.

 Primary and secondary endpoints

The primary endpoint, NRM at six months from GVHD onset, was defined as any death 

without preceding relapse. Treatment response was a secondary endpoint that required 

improvement in overall clinical (modified Glucksberg) GVHD grade on day 28 after onset 

without additional systemic immunosuppressants. Complete response (CR) was defined as 

resolution of all target organ symptoms. Partial response was defined as an improvement of 

any organ stage by at least one stage without increase in any other target organ stage. All 

other treatment outcomes were classified as non-response. We categorized GVHD responses 

as durable if patients achieved CR by day 28 and remained in CR at six months post-onset. 

Patients who died before response assessments were considered non-responders. Six month 

GVHD staging data was available only for patients from the University of Michigan and the 

University of Regensburg (n=492).

 Sample collection, preparation, and analysis

From 13 April 2000 to 7 May 2013, plasma samples were collected prospectively within 48 

hours before or after the initiation of glucocorticoid therapy from patients who developed 

GVHD symptoms after HCT. Clinical GVHD grading was performed according to modified 

Glucksberg criteria9 (see Supplementary Appendix). Enzyme-linked immunosorbent assays 

(ELISA) were performed as previously described.18–21

 Statistical methods

We employed a competing risks regression model according to the methods of Fine and 

Gray22 using log-transformed biomarker concentrations at the onset of GVHD from the 

training set alone to predict 6 month NRM in the training set. In the resulting algorithm, 

each biomarker was assigned a weight computed by the model that best fit the data of the 

training set alone. The sum of these weighted concentrations led to a predicted probability, 
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p, for each individual patient. Models with different numbers of biomarkers (from one to 

five) were fit to the training set alone. For a model to warrant examination, each weighted 

biomarker needed to be statistically significant and the model needed to be statistically 

superior (by the likelihood ratio test) to a model where all weights were zero.

The remaining models were then compared to each other using likelihood ratio tests and 

Akaike’s Information Criterion (AIC)23. The most parsimonious model included TNFR1, 

REG3α, and ST2; models with either one or two biomarkers were statistically inferior and 

models with four or five biomarkers were not statistically superior. The final algorithm is 

shown below:

log[−log(1−p)] = −9.169 + 0.598(log2TNFR1) −0.028(log2REG3α) 

+ 0.189(log2ST2)

We then rank ordered the probability of NRM, p, in the training set and identified thresholds 

of p to define three scores such that 1 represented an excellent outcome (NRM ≤10%), 3 a 

poor outcome (NRM >40%), and thus NRM would increase by 15% on average with each 

increasing score. Multiple thresholds that met these criteria were evaluated in the test set; 

representative threshold pairs and their corresponding NRMs are shown in Table S1. Of 

note, we did not compare organ specific biomarkers to the algorithm in patients with single 

organ disease because of the relative paucity of such patients.

Overall differences in patient characteristics between the training, test and multicenter 

validation set were assessed with a chi-squared test of association for categorical values and 

a Wilcoxon Rank Sum test for continuous values. Estimation and inference for non-relapse 

mortality and relapse rates were based on the methods of Gray24 and Fine and Gray.22 

Estimation and inference for overall survival were based on Cox regression, and estimation 

and inference for Day 28 CR and CR/PR rates were based on logistic regression. Empirical 

area under the receiver operating characteristic curves (AUC) for NRM by six months was 

computed nonparametrically. All analyses were performed in the statistical package R 

version 3.0.1 (R Development Core Team, Vienna, Austria).

 Role of the funding source

The sponsors of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. The corresponding author had full access to all the 

data in the study and had final responsibility for the decision to submit for publication.

 RESULTS

 Study population

The clinical characteristics of the two-center training and testsets and the multicenter BMT 

CTN validation set are shown in Table S2. The test and multicenter validation sets differed 

significantly in their overall distributions of age, stem cell source, indication for HCT, day of 

onset and severity of GVHD, and GVHD prophylaxis. Patients in the multicenter validation 

set were older (median of 52 vs 48 years), more likely to receive marrow as a stem cell 

source (21% vs 11%), and they developed GVHD later after HCT (median of 34 vs 27 

days). They were also less likely to have high-risk disease (20% vs 43%), to have grade I 
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GVHD at onset (17% vs 37%), or to receive a CNI-containing GVHD prophylaxis (79% vs 

96%).

 Biomarker algorithm defines risk of NRM at GVHD onset

We hypothesized that plasma concentrations of one or more biomarkers at the diagnosis of 

acute GVHD could create an algorithm to predict 6 month NRM after GVHD diagnosis. To 

develop an algorithm that would be reliable in a multicenter setting, we collected blood 

samples from 492 HCT patients at two centers (the University of Michigan and the 

University of Regensburg) with similar diagnostic and therapeutic approaches to acute 

GVHD and randomly divided them into a training set (n=328) and a testset (n=164). For all 

492 patients, we retrospectively analyzed plasma samples for concentrations of five 

biomarkers with prognostic value (IL2Rα, TNFR1, REG3α, Elafin, and ST2).18–21,25 The 

two previously reported biomarkers with the weakest prognostic value (hepatocyte growth 

factor and IL8) were not included).18 We used competing risks regression to develop an 

algorithm in the training set to compute a predicted probability (p) of NRM within six 

months of GVHD diagnosis. We then determined that an algorithm of the three biomarkers 

assigned the greatest weights (TFNR1, ST2, and REG3α) performed as well as the five-

biomarker algorithm. Using the simpler algorithm, we determined the (p) for all patients in 

the training set, rank ordered them from lowest to highest, and identified thresholds that met 

predetermined desirable criteria for three GVHD scores (Ann Arbor 1 ≤10% and Ann Arbor 

3 ≥40%) so that NRM would increase 15% on average with each increasing score. A range 

of thresholds met these criteria, and we chose one near the median of each range to define 

the Ann Arbor scores.

As seen in Figure 1A, this approach defined three distinct scores whose risk of NRM 

significantly increased with each increasing grade at both six months and twelve months 

after the onset of GVHD in the training set. We applied the algorithm to the testset (n=164) 

and found virtually identical risks of NRM (Figure 1B). We next applied the biomarker 

algorithm to an independent validation set of HCT patients enrolled on BMT CTN trials for 

primary GVHD therapy (n=300) and observed similarly significant differences in NRM 

(Figure 1C). Relapse, which was treated as a competing risk for NRM, did not significantly 

differ between the three Ann Arbor GVHD scores in any of the datasets (Figure 1D–F). The 

differences in NRM thus translated into significant differences in overall survival among 

these three scores after the onset of GVHD (Figure 1G–I).

 Ann Arbor scores predict likelihood of treatment response

The response of GVHD to treatment 28 days later serves as a surrogate endpoint for long-

term survival.15,26 The proportion of all 792 patients who responded to therapy (generally 

systemic corticosteroids, Table S3 in the Supplementary Appendix) was highly statistically 

different for each of the Ann Arbor scores (1, 81%; 2, 68%; 3, 46%; p<0·0001 for all 

comparisons). We observed nearly identical rates in each dataset for CR and PR (Figure 2A–

C) and for CR alone (Figure 2D–F).

A standard initial glucocorticoid dose for primary treatment of GVHD is 2 mg/kg/d of 

methylprednisolone5, but clinicians may choose lower doses or, in the case of limited skin 

Levine et al. Page 5

Lancet Haematol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GVHD (<50% body surface area), delay systemic treatment to avoid toxicity.27,28 Intensity 

of initial steroid treatment of patients in the training and test sets (n=492) did not affect 

outcomes by Ann Arbor score. The responses by Ann Arbor score for patients with limited 

skin GVHD (Glucksberg grade I) who were treated (n=96) or not treated (n=98) with 

systemic steroids at diagnosis were similar (p=0·54). Likewise, the responses by Ann Arbor 

score for patients with Glucksberg ≥ grade II treated with 2 mg/kg/d of corticosteroids 

(n=137) or <2 mg/kg/d (n=64) were also similar (p=0.74). We assessed the durability of 

treatment response in all 492 Michigan and Regensburg patients. A durable response, 

defined as CR for at least six months without a recurrence of GVHD symptoms, was 

significantly less likely in patients with Ann Arbor 3 GVHD than patients with Ann Arbor 1 

GVHD, regardless of organ involvement at GVHD onset (Table 1). Patients who presented 

with GVHD skin rash alone and were classified as Ann Arbor 1 were significantly more 

likely to achieve durable responses than those classified as Ann Arbor 3 (47% vs. 26%, 

p=0·0077). Likewise, patients with lower GI GVHD at onset were significantly more likely 

to achieve durable responses if their GVHD score was Ann Arbor 1 rather than Ann Arbor 3 

(53% vs 13%, p<0·0001).

 Ann Arbor scores predict development of GI GVHD

74 of 286 patients (26%) Michigan/Regensburg patients who presented with skin GVHD 

only subsequently developed lower GI GVHD; of this group, 14 of 34 (41%) presented with 

Glucksberg 1 and Ann Arbor 3. Thus the Ann Arbor score predicted the development of GI 

GVHD, but the extent of skin rash did not (Table 2). Patients with Ann Arbor 3 GVHD were 

1.78 times more likely to later develop involvement of the GI tract(at a median of 12 days) 

than patients with Ann Arbor 1 GVHD (p=0·025).

 Ann Arbor scores stratify for risk of NRM independently from clinical symptoms

We performed all subsequent analyses on the second, BMT CTN validation set because it 

represents a wide spectrum of supportive care and GVHD prophylaxis practices at a large 

number of centers, and in all patients the GVHD was considered significant enough to 

require treatment with systemic steroids as well as an experimental agent. As expected, the 

clinical grade of GVHD at onset did not always correlate with either response to treatment 

or with NRM (Figure S1). Despite the small sample sizes available for this subset analysis, 

the same biomarker algorithm defined three distinct risk strata for NRM within each 

Glucksberg grade (Figure 3A–C). Surprisingly, similar proportions of patients were assigned 

to each Ann Arbor score in each of the three Glucksberg grades. Patients with the higher 

Ann Arbor scores were also usually less likely to respond to treatment (Figure 3D–F). We 

did not find strong evidence for an interaction between severity of symptoms and Ann Arbor 

score on NRM (p=0·11), although statistical power was limited by the sample size.

The IBMTR acute GVHD severity index gives greater weight to GVHD of the skin relative 

to the Glucksberg grading system7,8 (see Supplementary Appendix). When patients were 

categorized according to IBMTR grade the biomarker algorithm and thresholds defined 

GVHD scores with virtually identical risks of NRM and likelihood of treatment response 

(Figure S2).
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 Biomarker algorithm predicts risk of NRM better than Glucksberg grades

We used Akaike’s Information Criterion (AIC)23 to compare the biomarker algorithm to 

Glucksberg grades for their ability to model risk stratification of patients in the multicenter 

cohort. The AIC of Ann Arbor scoring was 12 units superior to Glucksberg grading. In order 

to better visualize this difference in AIC, we determined the hazard ratios (HR) for NRM in 

univariate models for both staging systems using moderate GVHD (Ann Arbor 2 or 

Glucksberg II) as the reference group (Table S4). We then fit a multivariate model with 

simultaneous adjustment for both Ann Arbor score and Glucksberg grades. As shown in 

Figure 4A, Ann Arbor 3 patients have significantly higher risk for NRM (p=0·0048) and 

Ann Arbor 1 patients have significantly less risk (p=0·0020) than patients with Ann Arbor 2. 

By contrast, the confidence intervals for the HRs of the Glucksberg grades encompass 1·0, 

demonstrating a lack of statistical significance between the grades. The area under the 

receiver operating characteristic curve for Ann Arbor scores (0·71) was also higher than that 

for Glucksberg grading (0·57), although this difference was not statistically significant 

(Figure 4B).

 Biomarker algorithm defines risk independently of clinical risk factors

Several clinical risk factors, such as donor type, age, conditioning regimen intensity, and 

HLA-match, can predict for treatment response and survival in patients with GVHD.15,29–31 

Using Ann Arbor 2 as a reference, we found that Ann Arbor 1 predicted a lower risk of 

NRM (range 0·16–0·32) and Ann Arbor 3 a higher risk of NRM (range 1·4–2·9), regardless 

of the presence of these clinical risk factors (Table S5).

 DISCUSSION

Maximal clinical severity of GVHD in symptom-based grading systems correlates with 

survival, but these systems are not often able to guide treatment at symptom onset. As a 

result, clinicians do not intensify immunosuppressive treatment of GVHD until primary 

therapy has failed. In this study, we have developed and validated an algorithm using 

biomarkers that defines three GVHD severity scores, each with a distinct risk of NRM. Ann 

Arbor GVHD scores defined risk across the full range of clinical presentations.

Importantly, a higher score predicted the development of GI GVHD in patients who 

presented without GI symptoms, which clinical grading did not. Most deaths of patients with 

GVHD that are not caused by relapse of primary disease are due to poor response to 

treatment of GVHD in the GI tract. It is therefore of significant interest that the three 

biomarkers included in this algorithm (TNFR1, ST2, and REG3α) all possess biological 

relevance to GI GVHD. TNFR1, a surrogate for TNFα, is produced by T cells and 

monocytes and amplifies GI injury.32,33 TNFα regulates ST2 that, together with its ligand 

IL33 (a member of the IL1 family), influences inflammatory bowel disease activity.34 

REG3α, which we previously validated as a GI GVHD specific biomarker20, is produced 

primarily by Paneth cells and protects GI epithelium from infectious damage.35 The 

concentrations of these biomarkers at GVHD onset appear to reflect GI tract disease activity 

that does not correlate with the severity of GI symptoms at that time.
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An important strength of this study is the biomarker algorithm’s ability to define risk 

accurately despite differences in clinical severity at presentation and treatment intensity. In 

the dataset from the University of Michigan and University of Regensburg, approximately 

half of the patients who presented with rashes of less than 50% BSA (Glucksberg grade I), 

i.e. 20% of all patients, never required treatment with systemic steroids. In the multicenter 

BMT CTN dataset, all patients received treatment with systemic glucocorticoids and an 

experimental agent but the algorithm correctly identified patients at low risk of NRM.

Previous studies established correlations between either individual GVHD biomarkers or 

their combinations and clinical outcomes, but they lacked consistency among different 

clinical centers (panel).18–21,25 The biomarker algorithm developed in this study advances 

the prior work but important limitations remain. First, although the algorithm predicts 

outcomes better than clinical symptoms, it still has relatively poor predictive power and is 

most useful for patients who score at either end. Second, the algorithm’s ability to guide 

prospective therapy is yet to be demonstrated. Nevertheless, the algorithm should prove 

useful in the design of clinical trials. For example, a low score might be used as an exclusion 

criterion for patients with severe clinical symptoms (e.g., voluminous diarrhea) from a trial 

of an investigational agent: Such patients who are likely to respond to standard therapy, 

benefit by avoiding exposure to the risks of an experimental agent, and the trial also benefits 

by enrichment for patients who are less likely to respond to standard therapy. Conversely, a 

low score could be an inclusion criteria to limit exposure to lengthy glucocorticoid regimens. 

A high score (~23% of all GVHD) could be used as in inclusion criterion for a trial of 

intensive primary therapy. This approach would be particularly beneficial for patients with 

mild symptoms but who are less likely to respond to standard therapy and who might 

otherwise need to wait until primary treatment has failed before the initiation of an 

experimental modality. If a clinical trial is unavailable, a high score may lend confidence to 

the diagnosis of GVHD when a biopsy is equivocal, and a low score in a patient with a 

limited rash may support the use of topical treatment or watchful waiting.

Studies are currently underway to improve the predictive value of the algorithm. An 

attractive feature of the statistical methods used here is its ability to incorporate additional 

risk factors as they become known. For example, although donor type is not currently 

incorporated into GVHD grading systems, some studies show worse survival for patients 

with GVHD following an HCT from an unrelated volunteer donor.15,26 Patients with HLA-

mismatched donors were significantly more likely to have Ann Arbor 3 GVHD in all three 

datasets (Table S6–8). It is possible the incorporation of such a clinical characteristic, or 

even the nature of the GVHD symptoms at their onset, may improve the algorithm’s 

predictive power. For example, in Michigan/Regensburg patients, the organ specific 

Glucksberg grade also correlated with durable response (Table S9). The algorithm has also 

not yet been adequately evaluated in patients who have both GVHD and other conditions, 

such as sinusoidal obstructive syndrome or bacterial sepsis, or who have uncommon GVHD 

presentations, such as isolated severe liver GVHD. It is also possible that the use of an 

algorithm at serial time points may prove useful, particularly in patients whose response to 

treatment is slow or partial. But much larger datasets will be required to test adequately such 

possibilities and combinations, probably on the order of several thousand patients. Yet we 
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anticipate future versions of this algorithm will prove increasingly useful and accelerate the 

development of precision medicine for HCT patients.

 Panel: Research in context

 Systematic review—We searched PubMed without language or date restrictions for 

articles with the following terms: “acute graft-versus-host disease” and “biomarkers” to 

September, 2014. We identified several relevant articles that showed prognostic significance 

for GVHD biomarkers at onset in single center studies.18–21,25,36,37 However, there were no 

reports that validated GVHD biomarkers in multicenter studies.

 Interpretation—To our knowledge, this study is the first to use biomarkers to classify 

patients at GVHD onset according to risk of treatment failure and non-relapse mortality 

outside of single centers. The biomarker algorithm was validated in patients from a broad 

spectrum of centers with a large variety of personnel and biases and was superior to clinical 

grading for determining risk. This study suggests that GVHD biomarker algorithm scores 

might be useful for designing risk-stratified trials of primary GVHD therapy.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Outcomes by Ann Arbor score at GVHD onset
Cumulative incidence of non-relapse mortality is shown for the 328 patient training set (A, 

Ann Arbor 1 (grey) vs 2 (blue), p<0·0001, 2 vs 3 (red), p=0·0081), the 164 patient testset (B, 

Ann Arbor 1 vs 2, p=0·0069, 2 vs 3, p=0·024), and the 300 patient multicenter validation set 

(C, Ann Arbor 1 vs 2, p=0·0023, 2 vs 3, p=0·0021). Cumulative incidence of relapse was not 

significantly different in the training set (D), testset (E), or multicenter validation set (F). 

One-year survival is shown for the training set (G, Ann Arbor 1 vs 2, p=0·028, 2 vs 3, 
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p=0·015), the testset (H, Ann Arbor 1 vs 2, p=0·067, 2 vs 3, p=0·026), and the multicenter 

validation set (I, Ann Arbor 1 vs 2, p=0·0062, 2 vs 3, p=0·024).
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FIGURE 2. Response rate to primary GVHD therapy by Ann Arbor score
Shown are the proportion of patients with complete or partial response for (A) the training 

set, (B) the testset, and (C) the multicenter validation set. Complete response rates are shown 

in panels D–F. The numbers in parentheses are the proportion of patients assigned to each 

Ann Arbor score within each set.
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FIGURE 3. Outcomes for the multicenter validation set for each Glucksberg grade by Ann 
Arbor score
(1, grey; 2, blue; 3, red). Cumulative incidence of non-relapse mortality is shown for (A) 

Glucksberg grade I, p=0·0051; (B) grade II, p=0·0012; and (C) grade III/IV, p=0·087. P-

values relate to any pairwise comparison of curves. The corresponding proportion of patients 

with complete or partial response are shown in Panels D–F. The numbers in parentheses are 

the proportion of patients assigned to each Ann Arbor score within each subset.
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FIGURE 4. Comparison of Ann Arbor scores and Glucksberg grades to predict NRM risk 
(multicenter validation set)
(A) Multivariate comparison of Ann Arbor scoring (red) to Glucksberg grading (blue) for 

non-relapse mortality. Hazard ratios (diamonds) and their 95% confidence intervals [CI] 

(lines) for mild (grade I or Ann Arbor 1) and severe (grade III/IV or Ann Arbor 3) are shown 

relative to the reference group, moderate (II or 2) GVHD of each staging system. (B) ROC 

curves for the biomarker algorithm (red) or Glucksberg grades (blue) for prediction of non-

relapse mortality. Diamonds indicate the thresholds that define Ann Arbor 1 and 3 GVHD. 

The AUC for the biomarker algorithm is 0.71 (95% CI, 0.64 to 0.75) and for Glucksberg 

grades is 0.57 (95% CI, 0.55 to 0.68).
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Table 2

Proportion of Patients with Isolated Skin GVHD (stage 1–3) who Developed Lower GI GVHD Symptoms

Glucksberg Stage N Percent Develop
Lower GI GVHD

Relative risk (vs Glucksberg 1) p

1 81 28% - -

2 109 24% 0·84 0·48

3 96 26% 0·92 0·73

Ann Arbor Score N Percent Develop
Lower GI GVHD

Relative risk (vs Ann Arbor 1) p

1 129 19% - -

2 99 29% 1·51 0·081

3 58 34% 1·78 0·025
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