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Abstract

Background—Therapeutic advances have greatly extended survival times in patients with 

multiple myeloma, necessitating increasingly lengthy trials when using survival outcomes primary 

endpoints. A surrogate endpoint that can more rapidly predict survival could accelerate drug 

development. We conducted a meta-analysis to evaluate minimal residual disease (MRD) status as 

a valid PFS surrogate in newly diagnosed multiple myeloma (NDMM).

Materials and Methods—We searched abstracts in PubMed, The American Society of 

Hematology (ASH) and the European Hematology Association (EHA) for “myeloma”, “minimal 

residual disease”, and “clinical trial”. Because of the need to evaluate the treatment effect on MRD 

response, only randomized studies for subjects with NDMM were included. Details on the MRD-

tested populations were required. Meta-analysis was performed by principles outlined at the 2013 

FDA workshop on MRD in AML.1 For samples that were not measured for MRD and within the 

subset specified for MRD assessment, their MRD status was imputed from the samples that had 

known MRD status. Patients that were excluded from planned MRD assessment were considered 

MRD positive.
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Results—Six randomized studies, representing 3283 patients and 2208 MRD samples, met 

analysis inclusion criteria. MRD-negativity rates ranged from 0.06 to 0.70. The treatment effect on 

the odds ratio (OR) for MRD-negative response strongly correlated with the hazard ratio (HR) for 

PFS with a coefficient of determination for the weighted regression line of 0.97. Our meta-analysis 

suggested that MRD status met both Prentice’s criteria for PFS surrogacy.

Conclusions—These results support the claim that MRD status can be used as a surrogate for 

PFS in NDMM.

MicroAbstract

A surrogate endpoint that can support accelerated approval of a drug in NDMM is clearly needed. 

Here, we performed a meta-analysis of six randomized trials to evaluate the potential of MRD 

status in predicting clinical benefit. A strong correlation between the relative changes of 

experimental to control treatments in MRD-negative rates and PFS supported MRD status as a 

surrogate endpoint.
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Introduction

In recent years, new therapeutic options, such as proteasome inhibitors (bortezomib, 

carfilzomib, and ixazomib),2–4 immunomodulators (lenalidomide and pomalidomide),
2, 3, 5, 6 and antibody therapies (daratumumab and elotuzumab),7, 8 have greatly improved 

the prognosis for patients with multiple myeloma. Overall response rates now approach 

100% in newly diagnosed multiple myeloma (NDMM), with up to 80% of patients 

achieving very good partial response (VGPR) or better.9 A median progression-free survival 

(PFS) of approximately 3–4 years is frequently reported in clinical studies, and, today, in the 

routine clinical setting, it is not uncommon to see patients who have lived with multiple 

myeloma for 15–20 years.4, 10, 11 These advances, however, could potentially be self-

limiting, since ongoing and future trials in NDMM which use the traditional endpoint of PFS 

may require at least 5 years to collect mature data in young transplant-eligible patients, 12, 13 

thereby discouraging and delaying the development of better therapies.

Surrogate endpoints have been explored as a potential alternative to lengthy studies in other 

oncology indications, such as follicular lymphoma, where recent improvements in survival 

have presented a similar conundrum.14, 15 In multiple myeloma, depth of response has been 

shown to correlate with improved outcomes.3, 8, 16, 17 Phase 3 studies3, 18–21 and a meta-

analysis of 21 studies22 have identified a statistically significant association of complete 

response (CR) rate with PFS. Most patients initially achieve CR, however, eventually 

relapse, reflecting disease persistence via clonal evolution23 and highlighting the need for 

quantification of disease burden beyond the CR category.24

In acute lymphoblastic leukemia (ALL),25 acute promyelocytic leukemia,26 and chronic 

myeloid leukemia27 minimal residual disease (MRD) monitoring is a well-established 

standard of care. Measurement of MRD provides a more sensitive determination of disease 
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burden than CR. Next-generation flow (NGF) and next-generation sequencing (NGS) can 

detect as few as 1 in 106 clonal plasma cells. 28, 29 In patients with NDMM who achieve CR, 

most of the clinical benefit is associated with those who are MRD negative, while patients 

with MRD-positive CR have outcomes similar to those achieving a lesser response. 30, 31 

Studies longitudinally examining PFS (and in some cases overall survival [OS]) stratifying 

subjects by MRD status have associated statistically superior survival outcomes with MRD-

negative responses relative to MRD-positive responses,29, 32–37 with deeper MRD response 

predicting longer survival.36, 38 These results have raised the possibility of using MRD 

status in decision-making algorithms for subsequent treatments.39

The use of MRD status as a potential endpoint for clinical trials in multiple myeloma has 

been the subject of a US Food and Drug Administration (FDA) symposium.40The FDA, in 

collaboration with the Duke-Margolis Center for Health Policy, held a workshop on MRD as 

a surrogate endpoint in hematologic cancer trials, including multiple myeloma.41 In order 

for an endpoint to be considered a surrogate “reasonably likely to predict clinical benefit” 

(that is, potentially acceptable for accelerated drug approval), it needs to meet two key 

criteria proposed by Prentice42: a surrogate endpoint must, 1) be correlated at a patient level 

with the clinical benefit endpoint independent of treatment, and, 2) fully capture the net 

effect of treatment on the clinical benefit endpoint. That is, the treatment effect on the 

surrogate endpoint must reliably predict the treatment effect on the clinical benefit endpoint, 

and not be merely a correlate of activity between two endpoint measurements.

The meta-analytic, multi-trial approach has become the preferred method for surrogate 

endpoint validation. However, in multiple myeloma, most published meta-analyses of MRD 

and PFS address only the first of the two Prentice criteria, i.e., only demonstrating 

correlation between MRD status and PFS, usually at the study level. Randomized studies 

with treatment effects on both MRD and PFS are required in order to assess the second 

criterion. Here we report the results of a meta-analysis of 6 randomized clinical trials for 

patients with NDMM that examined the potential of MRD status to fulfill both Prentice 

criteria and to qualify as a surrogate for PFS in this patient population.

Materials and Methods

Systematic Literature Review

To identify clinical trials in NDMM that included MRD data, we searched PubMed for the 

terms “myeloma,” “minimal residual disease,” and a publication type of “clinical trial.” We 

also performed a similar search of abstracts from the American Society of Hematology 

(ASH) and the European Hematology Association (EHA) annual meetings. All studies 

included were for newly-diagnosed disease.

To be included in this meta-analysis, studies were required to meet four criteria: 1) a clinical 

trial must be randomized and only contain an experimental treatment and a control 

treatment, 2) MRD needed to be measured at a defined time point or period for the MRD 

study population, 3) the MRD subset must have been derived from a single study, and 4) it 

must have been a defined subset of the entire study population (e.g., CR) with details of the 

size of the MRD-tested population provided. Based on the principle that a surrogate 
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endpoint should capture the net effect of treatment on the clinical benefit endpoint, it is 

important to include a variety of treatments in the analysis of the surrogate endpoint to show 

the principle is met for any types of treatments. The studies with autologous stem cell 

transplantation (ASCT) following induction were also considered.

Statistical Analysis

We performed a meta-analysis of studies evaluating MRD and PFS in patients with NDMM 

in accordance with “Statistical Considerations for Surrogate Endpoints” presented at the 

FDA workshop on MRD in acute myeloid leukemia (AML). 1 The guidelines for 

establishing a validated surrogate endpoint are based on the two criteria suggested by 

Prentice.42 Hypothesis testing for the second criterion (need to fully capture the net effect of 

treatment on the clinical benefit endpoint) requires full patient-level data and is also highly 

dependent on the power levels for both the surrogate endpoint and the clinical endpoint, 

which can be different across studies.43 The approaches using proportion explained (or the 

proportion of treatment effect imparted by the surrogate)44 or relative effect (or the ratio of 

the overall treatment effect of the clinical endpoint to that of the surrogate endpoint) 43 on 

the study-level correlation between the treatment effect on the surrogate endpoint and the 

clinical benefit endpoint were suggested to evaluate the second component of Prentice’s 

criteria instead of the strict application of hypothesis testing which requires patient-level 

data. The study-level plot of treatment effect on PFS (a surrogate endpoint) versus treatment 

effect on OS (a clinical benefit endpoint) in stage 3 colorectal cancer was considered useful 

in evaluating whether the surrogate endpoint meets the second condition reasonably well 

when the strict evaluation of the second condition is not feasible.45 In his paper, Fleming 

suggested 4 hierarchical levels of outcome measures. The highest level, or level 1, represents 

a bona fide clinical benefit endpoint. Level 2 designates a fully validated surrogate endpoint. 

While level 3 surrogate endpoint has yet to be validated, statistical analyses suggest that the 

net effect of treatment on the true clinical efficacy measure (e.g., PFS) is consistent with 

what would be predicted by the treatment effect on the outcome measure (e.g., MRD). 

Finally, the lowest level, or level 4, coincides with the first Prentice criterion and indicates an 

endpoint that only demonstrates the correlation with clinical benefit endpoint but fails to 

show the treatment effect level correlation. His paper notes that level 3 endpoints have been 

used as the basis for accelerated approval. In the absence of patient-level data and due to the 

small number of randomized studies (6) with treatment effects on both MRD and PFS, the 

goal of this meta-analysis was to examine MRD status as a level 3 endpoint using the study-

level plot of two treatment effects to demonstrate whether MRD status meets the second 

Prentice criterion as described above.

MRD-negativity rates with exact 95% binomial confidence intervals (CIs) were calculated 

for each study and each treatment arm in randomized studies. Except for the CLARION 

study, MRD was evaluated in subsets of patients with the defined clinical responses. 

Imputation was not performed on the MRD status of the samples in the ALCYONE study 

since the MRD status for each arm was fully measured in the defined subset. To be 

consistent with the recently reported MRD-negativity rates in the CLARION study, the 

MRD-negativity rates were not further imputed for this study. In the four remaining studies, 

samples that were not measured for MRD and within the subset specified for MRD 
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assessment had their MRD status imputed from the samples with known MRD status. 

Among the three smaller studies with imputed MRD-negativity rates (IFM/DFCI 2009, 

GEM2005MAS65, and NCT00531453), the proportion of patients with known MRD status 

within the subsets specified for MRD assessment varied from 70% to 76%. As for the most 

extensive study, EMN02/HO95, the proportion of patients with known MRD status was 

33%. Patients with responses that were excluded from planned MRD assessment were 

considered MRD positive. Odds ratios (ORs) and 95% CIs for randomized studies were 

calculated based on the MRD-negativity rate. The reported hazard ratios (HRs) for PFS from 

the 6 randomized studies were used. The scatter plot was drawn with the hazard and odds 

ratios in a logarithmic scale from the 6 randomized studies. Weighted least squares linear 

regression was implemented to predict HR from OR, where the weights were the sample 

sizes of the studies. The weighted linear regression line and the corresponding 95% 

confidence intervals (CIs) in the shaded area were added to help visualize the relationship 

between the hazard and odds ratios of the studies. Statistical analyses were performed using 

R software version 3.5.0.

Results

Study Selection

As depicted in Figure 1, 39 reports were initially identified in PubMed. Of these, 10 were 

eliminated for lack of relevance (6 included allogeneic transplant, 1 included ALL, 1 

included a bone marrow graft, and 2 had no available MRD data), 7 were eliminated as 

duplicates, and 19 did not meet the criteria for inclusion. The 3 remaining studies were 

included in the meta-analysis (Table 1). 29, 34, 46, 47 A similar examination of ASH and EHA 

abstracts for the years 2014–2015 and 2017–2018 uncovered 2 additional studies, and the 

newly available CLARION study (NCT01818752; data on file) was also included. A recent 

publication50 on CLARION reported the MRD results using a cutoff of 10−6. However, in 

order to reduce the variation in MRD depth between the 6 randomized trials and to 

harmonize the MRD depth of response to the IMWG recommended cutoff48, the MRD 

results were reported with a cutoff of 10−5 in this meta-analysis. In the end, 6 randomized 

studies29, 34, 46, 47, 49–51 met all inclusion criteria and were included in this meta-analysis 

(Table 1). Collectively these encompass data for 3283 NDMM patients and 2208 MRD 

samples. Within these studies, the definitions of MRD varied from 1 in 104 to 1 in 105. 

Times at which MRD was assessed and subgroups included in the assessment also varied, 

the latter changing from patients that consented to MRD assessment to only patients with a 

CR (or suspected CR). MRD assessments by multiparameter flow cytometry (MFC), NGF 

and NGS were included.

Meta-analysis

Figure 2 depicts the study-level correlation of treatment effect on MRD status with the 

treatment effect on PFS in the 6 randomized trials using odds ratios (ORs) and hazard ratios 

(HRs). The MRD-negativity rate for each of the treatments ranged from 6% to 70% (Table 

2). The MRD-negativity rates and the associated median PFS for the trials with MRD cutoffs 

from 10−4 to 10−5 were shown (Figure 2). Each treatment arm that had a higher MRD-

negativity rate corresponded to a longer median PFS.
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The two studies with significantly large treatment effects were IFM/DFCI 2009 and 

ALCYONE, which had ORs of 2.31 (95% CI, 1.69, 3.15) and 4.35 (95% CI, 2.64, 7.17), 

respectively, and also showed substantially lower risks of progression (HR, 0.69; 95% CI, 

0.56, 0.84 and HR, 0.50; 95% CI, 0.38, 0.65, respectively). 47, 49 In other words, the large 

treatment effect on the experimental treatment arm resulted in a significantly higher 

proportion of MRD-negative patients when compared with the control treatment arm in 

IFM/DFCI 2009 and ALCYONE. The HR of 1.20 in Ludwig’s study (NCT00531453) 

corresponded to the OR that was lower than one, indicating a higher MRD-negativity rate 

and a longer median PFS for the control treatment arm (Figure 2).29 The treatment effects 

from the GEM2005MAS65 and EMN02/HO95 studies on MRD and PFS were modest. The 

CLARION study did not lead to a treatment effect for either measurement. Even though 

these studies span treatment effects of various magnitudes, a correlation was clearly 

observed between ORs and HRs as illustrated by a negatively trended and weighted 

regression line in logarithmic scale among the 6 randomized studies (Figure 3). All 6 

randomized trials fell within the 95% CI boundary of the regression line with a coefficient of 

determination of 0.97. Within the limitations of the types of treatments conducted in these 

trials, this regression line predicts that for any two randomized patient populations, the 

treatment with the larger proportion of subjects with an MRD-negative response will 

experience a lower risk of disease progression. Together, these results show that the 

treatment effect on the MRD-negativity rate captures nearly the full treatment effect on PFS; 

thus suggesting the second Prentice criterion to the point where a level 3 endpoint is 

demonstrated.

Discussion

This meta-analysis examined the surrogacy of MRD negativity for PFS in patients with 

NDMM. We identified 6 randomized trials in which patients with previously untreated 

multiple myeloma were evaluated for MRD status following defined therapies and in which 

both the prevalence of MRD negativity and clinical outcomes for the entire patient 

population were fully reported. Our analysis mainly focused on PFS rather than OS for 

survival outcome because OS results were immature in most of these studies and may be 

unable to capture the full treatment effect on clinical outcome. The analysis included 3283 

transplant eligible and ineligible patients treated with various combinations of IMiDs, 

proteasome inhibitors, daratumumab, with or without high-dose melphalan and stem cell 

transplant. The studies covered a range of MRD response rates with a variety of treatments. 

Limitations of this analysis include the use of study-level data, the limited number of studies 

available, differing cutoff levels for MRD (10−4 to 10−5), low cutoff level of 10−4 in 3 of the 

studies, different MRD measurement approaches, the imputation of MRD status for missing 

measurements in a defined subset of patients, and the measurement of MRD in various 

response subgroups with dissimilar predefined time periods.

Meta-analysis of these data revealed a clear association between MRD negativity and 

improved PFS. Comparing all study arms, MRD-negativity rates, as measured by MFC, 

NGF, and NGS, increased as PFS increased. These results are consistent with published data 

supporting the correlation of MRD responses with clinical benefit in multiple myeloma.
31, 32, 36, 38 To date, however, published studies have yet to establish MRD as a surrogate 
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endpoint for PFS or OS according to the guidelines proposed by Prentice42 and Fleming.45 

To address this, the present study investigated whether the effect of the intervention on MRD 

is predictive of the level of the effect on PFS, an important criterion for establishing MRD as 

at least a non-validated surrogate endpoint (level 3), rather than a simple correlate of two 

measurements (level 4 endpoint), so that it may be considered a basis for accelerated 

approval.45 Among randomized studies the treatment effects on MRD-negativity rates were 

consistent in magnitude with the treatment effects on PFS (Figure 2 and 3), thus supporting 

the fulfillment of the second of the Prentice criteria.

The results of two additional meta-analyses of MRD status in patients with NDMM showed 

a statistically significant correlation between MRD-negative status and PFS. In the first, 

which analyzed four studies including one of those included here, 34 a random effects 

model, which weighted studies via the inverse-variance method, found that MRD-negativity 

status significantly correlated with PFS (HR, 0.35; P<0.001) and OS (HR, 0.48; P<0.001).52 

Another study analyzed data from 14 trials, one of which is included here, 46 using the Peto 

methodology,53 and also found a statistically significant correlation between MRD 

negativity and PFS (HR, 0.41; P<0.001) as well as OS (HR, 0.57; P<0.001).54 Although in 

line with our findings, some differences in the methodologies employed deserve comment. 

Both publications examined the effect of MRD-negative status among patients with available 

MRD status data on treatment effects in the trial arms. Their conclusions, therefore, apply to 

patients who were tested for MRD status, which is generally done only for those achieving 

VGPR or CR. Because this may represent a lower risk subset of patients than the overall 

population of the trial arm, and no assumptions were made regarding MRD status of patients 

not achieving VGPR or CR, the conclusions reached may not be extrapolated to the full trial 

arm populations, which included many patients not tested for MRD status.

The analysis that we used here went beyond evaluating the correlation of depth of MRD 

response with clinical outcome. Within each trial, we determined the full impact of each 

treatment on the probability of achieving an MRD-negative response for the entire patient 

population. This approach has the advantage of capturing the full treatment effect of MRD 

response on survival. Although the analysis obscures the impact of MRD response on 

survival, it unmasks the relationship between each treatment’s ability to produce a deep 

response and the effect of each treatment on survival. This takes a major step closer toward 

establishing a causal link between the relative change in MRD status and the relative change 

in survival benefit. Furthermore, our approach is in line with the methodology outlined at the 

FDA workshop on MRD in AML. 1

Irrespective of the method used for meta-analysis, a significant concern in examining MRD 

as a potential surrogate endpoint in NDMM trials has been the inconsistent definition of 

MRD negativity and the lack of standardization in MRD testing methods. 55, 56 To address 

this concern, the IMWG published guidelines defining the criteria for response and MRD 

assessment in multiple myeloma. 48 The use of these guidelines eliminates former 

inconsistencies and will allow cross-study comparisons of data and the development of 

treatment algorithms based on MRD status. Encouragingly, recent evidence suggests that the 

necessary standardization in MRD testing is, in fact, being implemented.57
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Conclusions

In conclusion, results of this meta-analysis support the use of MRD negativity as a level 3 

surrogate endpoint that likely predicts PFS in NDMM.
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Abbreviations

ASCT autologous stem cell transplant

CI confidence interval

CR complete response

FDA Food and Drug Administration

HR hazard ratio

IMWG International Myeloma Working Group

KMP carfilzomib, melphalan, and prednisone

MFC multiparametric flow cytometry

MRD minimal residual disease

NDMM newly diagnosed multiple myeloma

NE not estimable

NGF next-generation flow

NGS next-generation sequencing

OR odds ratio

OS overall survival

PFS progression-free survival
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RVD lenalidomide, bortezomib, and dexamethasone

sCR stringent complete response

VGPR very good partial response

VMP bortezomib, melphalan, and prednisone

VTD bortezomib, thalidomide, and dexamethasone

VTDC bortezomib, thalidomide, dexamethasone, and cyclophosphamide

VTP bortezomib, thalidomide, and prednisone
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Clinical Practice Points

• Using PFS as a surrogate endpoint for clinical trials may no longer be 

practical as recent therapeutic advances in newly diagnosed multiple 

myeloma (NDMM) have greatly extended survival times, resulting in 

increasingly lengthy trials; a new surrogate endpoint that likely predicts 

clinical benefit and accelerates drug approval is warranted

• Meta-analysis was performed on 6 randomized trials with a total of 3283 

NDMM patients at study level to evaluate the potential of MRD status as a 

surrogate endpoint

• Treatment effect on MRD negativity has a strong positive correlation with the 

treatment effect on PFS for all randomized studies, demonstrating the ability 

of MRD status to predict clinical benefit

• The results of this study-level meta-analysis support the use of MRD status as 

a surrogate endpoint in clinical trials for patients with NDMM
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Figure 1. 
Study selection flowchart. Results of literature search using PubMed and manual searches of 

the American Society of Hematology and the European Hematology Association annual 

meeting abstracts are shown. Additional data were included from the CLARION study.

ALL, acute lymphoblastic leukemia; MRD, minimal residual disease.
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Figure 2. 
Treatment effect on progression-free survival and minimal residual disease for randomized 

studies using multiparameter flow cytometry, next-generation flow, and next-generation 

sequencing. MRD-negativity rates were calculated based on sample size and patients that 

were excluded from MRD assessment were MRD positive.

ASCT, autologous stem cell transplant; Co, control; CI, confidence interval; Dara, 

daratumumab; KMP, carfilzomib, melphalan, and prednisone; MRD, minimal residual 

disease; PFS, progression-free survival; RVD, lenalidomide, bortezomib, and 

dexamethasone; T, treatment; VMP, bortezomib, melphalan, and prednisone; VTD, 

bortezomib, thalidomide, and dexamethasone; VTDC, bortezomib, thalidomide, 

dexamethasone, and cyclophosphamide; VTP, bortezomib, thalidomide, and prednisone.
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Figure 3. 
Weighted regression plot comparing the MRD odds ratios with the PFS hazard ratios in a 

logarithmic scale among the 6 randomized trials (adjusted R-squared of 0.97). The equation 

for the weighted regression model is log (HR) = −0.4 * log (OR) ‒ 0.09.
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