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Abstract

Purpose: To evaluate clinical outcomes after maintenance therapy discontinuation in transplant-eligible multiple
myeloma (MM) patients with measurable residual disease (MRD) negativity, identify predictors of post-
discontinuation MRD resurgence, and assess salvage efficacy upon MRD recurrence.

Methods: This retrospective study enrolled 35 newly diagnosed MM patients treated at our center between
January 2010 and January 2024. Patients received novel-agent induction, autologous stem cell transplantation,
and maintenance therapy, which ceased after MRD negativity, were confirmed by multiparameter flow cytometry.
The primary endpoint was MRD resurgence. Fine—Gray competing-risk regression was used to identify associated
factors. Kaplan—Meier methods estimated treatment-free survival (TFS) and overall survival (OS).

Results: Median patient age was 53 years (range 35-67). Median duration from MRD negativity to maintenance
cessation was 32.0 months; median post-discontinuation follow-up was 79.0 months. Fifteen patients (42.9%)
developed MRD resurgence; 3- and 5-year cumulative incidence rates were 26.9% (95% CI 13.4—42.5%) and
37.4% (95% CI 21.1-53.8%), respectively. Using multivariable Fine-Grey analysis, high-risk cytogenetic
abnormalities (HRCA)predicted higher MRD resurgence risk (HR 4.8, 95% CI 1.6—-14.6, P=0.005), whereas
sustained MRD negativity >2 years before discontinuation reduced risk (HR 0.2, 95% CI 0.1-0.7, P=0.012). Of
15 patients with MRD resurgence, 13 received salvage therapy and 10 (76.9%) regained MRD negativity. Median
post-discontinuation TFS and OS were 67.3 and 80.0 months, respectively.

Conclusion: Maintenance discontinuation after MRD negativity is feasible in selected transplant-eligible MM
patients. HRCA and sustained MRD negativity duration facilitate post-stop risk stratification. These exploratory
findings require validation in larger multicenter cohorts.

Keywords: multiple myeloma; measurable residual disease; maintenance therapy; treatment discontinuation;

autologous stem cell transplantation; competing-risk analysis
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1 Introduction

Multiple myeloma (MM) is a malignant hematologic disorder characterized by the clonal proliferation
of plasma cells within the bone marrow. Despite substantial advances in the development of therapeutic strategies,
MM is still generally regarded as incurable (van de Donk et al. 2021). Over the past two decades, the development
and introduction of novel agents has markedly improved the depth of response and long-term survival of patients
with MM. Particularly, among transplant-eligible patients, quadruplet induction regimens that incorporate an anti-
CD38 monoclonal antibody have further increased deep response rates, allowing an increasing proportion of
patients to achieve a complete response (CR) and even measurable residual disease (MRD) negativity (Facon et
al. 2024; Sonneveld et al. 2024). Moreover, the prolonged disease control achieved with modern therapy has
prompted renewed consideration of the need for and optimal duration of long-term treatment.

Currently, maintenance therapy after autologous stem cell transplantation (ASCT) is the standard of care
for patients with newly diagnosed MM (NDMM), particularly lenalidomide-based regimens, which are generally
recommended until disease progression (Richardson et al. 2022). This strategy is supported primarily by the
results of randomized controlled trials—including CALGB 100104 (Holstein et al. 2017), IFM 2005-02 (Attal et
al. 2010), and Myeloma XI (Jackson et al. 2019)—which have demonstrated that lenalidomide-based maintenance
significantly prolongs progression-free survival (PFS) over observation alone or placebo, even achieving an
overall survival (OS) benefit in some studies (McCarthy et al. 2012). However, most of these trials were conducted
before the widespread adoption of triplet/quadruplet induction regimens and before MRD assessment became an
integral component in evaluating treatment responses. Therefore, in the current era of highly effective frontline
therapy, the appropriateness of the traditional “maintenance until progression” approach for all patients who
achieve deep responses warrants further investigation (Derman et al. 2024; Gan et al. 2026; Sato et al. 2025,
2026).

To this end, the potential benefits of prolonged maintenance therapy must be weighed against its
cumulative treatment burden. Continuous exposure to immunomodulatory agents may increase the risks of
cytopenias, infections, fatigue, thromboembolic events, and second primary malignancies (SPMs). In addition,
maintenance of treatment over the long term may adversely affect the health-related quality of life of the patient
and impose a substantial financial burden on the patients and on healthcare systems (Badros et al. 2025; Sneider
and Derman 2025). Consequently, there is a pressing need to develop individualized maintenance strategies
according to the specific disease biology and depth of response and to address critical clinical questions, including
which patients may safely discontinue therapy and when discontinuation is appropriate.

The implementation of MRD assessment has provided new opportunities to address these questions. As
one of the strongest prognostic biomarkers of MM, MRD status is closely associated with PFS and OS, and its
predictive value has been validated across different treatment regimens and disease settings (Paiva et al. 2025).
Importantly, compared with a single MRD-negative assessment, a sustained MRD-negative assessment appears
to have greater prognostic value, suggesting that longitudinal MRD dynamics may serve as a useful tool to guide
treatment escalation or de-escalation (Perrot et al. 2025; Sneider and Derman 2025). On this basis, several
exploratory studies have investigated MRD-guided maintenance discontinuation (Goldschmidt et al. 2020). The
results of studies, including MRD2STOP (Derman et al. 2024), MASTER and a Greek prospective cohort study
(Terpos et al. 2025), have suggested that maintenance therapy discontinuation may be feasible in select patients

who achieve deep and sustained MRD negativity, with some even maintaining prolonged treatment-free survival



82
83
84
85
86
87
88
&9
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121

(TFS). These findings provide preliminary support for shifting from the traditional “continuous treatment”
paradigm toward an MRD-driven, response-adapted approach (Giri et al. 2025).

Nevertheless, the evidence supporting MRD-guided maintenance discontinuation remains limited. Most
available studies are single-center, prospective cohorts with small sample sizes, and substantial heterogeneity
exists in terms of discontinuation criteria, MRD assessment method, and follow-up strategy (Meseha et al. 2024;
Paiva et al. 2025). Therefore, we conducted a retrospective, real-world study drawing on 16 years of clinical
experience at our institution to evaluate transplant-eligible patients with MM who underwent ASCT and
discontinued maintenance therapy after achieving MRD negativity. The primary objectives were to determine the
incidence of MRD resurgence after discontinuation and to identify the associated risk factors. We further
examined the patterns of disease progression after MRD resurgence and the outcomes of subsequent salvage
therapy. This study aims to provide real-world evidence to inform patient selection, risk stratification, and clinical
decision-making for MRD-guided maintenance discontinuation and thereby contribute to the development of
more precise and individualized treatment strategies for MM.

2 Materials and Methods
2.1 Study Design and Patients

This was a single-center, retrospective, observational study. Clinical data were collected from 35 patients
with NDMM treated at our institution between January 2010 and January 2024. The patients were followed until
January 1, 2026.

The eligibility criteria were as follows: (1) a diagnosis of NDMM according to the International Myeloma
Working Group (IMWG) criteria (Rajkumar et al. 2014), which are based on clinical manifestations, laboratory
findings, and the results of bone marrow pathologic evaluation; (2) treatment with novel agent—based induction
therapy; (3) subsequent treatment with ASCT; (4) treatment with maintenance therapy after ASCT; (5)
achievement of MRD negativity, confirmed by at least two consecutive bone marrow MRD assessments via
multiparameter flow cytometry (MFC); (6) discontinuation of maintenance therapy after the achievement of MRD
negativity according to patient preference or physician judgement coupled with regular monitoring of disease
status and MRD dynamics during the treatment-free period; and (7) available complete clinical and follow-up
data. The study was conducted in accordance with the Declaration of Helsinki and was approved by the
institutional ethics committee.

2.2 MRD Assessment

All patients underwent serial bone marrow MRD monitoring according to a standardized institutional
protocol. Assessments were performed 3, 6, 9, 12, 18, and 24 months after ASCT and every 6—12 months
thereafter, depending on disease status. After maintenance was discontinued, the frequency of MRD monitoring
was adjusted on the basis of clinical circumstances, with intervals ranging from 1 to 24 months.

Bone marrow MRD was evaluated via MFC. Bone marrow aspirates (3—5 mL) were collected into
EDTA-anticoagulated tubes; the first-pull aspirate was preferentially used to minimize hemodilution. The samples
were subject to red-cell lysis with ammonium chloride, washing in phosphate-buffered saline (PBS), and antibody
staining.

A standardized eight-color, two-tube panel was used to evaluate the bone marrow MRD. Tube 1
contained cKappa, cLambda, CD19, CD20, CD138, CD45, CD38, and CD56; Tube 2 contained CD19, CD20,
CD138, CD45, CD56, CD38, CD117, and CD81. MRD analysis was performed according to a sequential gating



122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

strategy: (1) identification of valid events on the basis of CD45 expression and time parameters; (2) exclusion of
doublets using FSC-H/FSC-A and SSC-H/SSC-A; (3) removal of debris on the basis of FSC/SSC characteristics;
(4) identification of plasma-cell populations according to the expression of CD38 and CD138; and (5) detection
of aberrant clonal plasma cells on the basis of abnormal immunophenotypic patterns and immunoglobulin light-
chain restriction. MRD levels were expressed as the proportion of aberrant clonal plasma cells among total
nucleated cells. At least 2 x 10° events were acquired and analyzed per sample. MRD positivity was defined as
the detection of >20 aberrant clonal plasma cells, corresponding to a sensitivity of 1 x 107°. All assessments were
performed under standardized laboratory conditions, including regular instrument calibration, antibody validation,
and internal quality control.

2.3 Definitions, Follow-Up, and Study Endpoints

High-risk cytogenetic abnormalities (HRCAs) were defined as the presence of any of the following:
del(17p), 1q amplification, t(4;14), or t(14;16). Patients with >2 HRCAs were classified as having ultrahigh-risk
cytogenetic abnormalities (UHRCAsS).

MRD resurgence was defined as the reappearance of detectable residual disease after maintenance
discontinuation in patients with previously confirmed MRD negativity—specifically, the detection of >20 aberrant
plasma cells per 2 x 10° analyzed events, confirmed with repeat testing. The primary endpoints were (1) the
incidence of MRD resurgence after maintenance discontinuation and (2) the identification of risk factors
associated with MRD resurgence. Secondary endpoints included (1) treatment-free survival (TFS) after
discontinuation, (2) overall survival (OS), and (3) salvage therapy efficacy after MRD resurgence. TFS was
defined as the interval from maintenance discontinuation to the initiation of subsequent antimyeloma therapy and
was censored at death or the time of the last follow-up. OS was defined as the interval from maintenance
discontinuation to death from any cause or the time of the last follow-up.

2.4 Statistical Analysis

Continuous variables are summarized as medians with ranges or interquartile ranges (IQRs), and
categorical variables are summarized as frequencies and percentages. For between-group comparisons, the Mann—
Whitney U test was used for continuous variables, and the chi-square test or Fisher’s exact test, as appropriate.
was used for categorical variables. TFS and OS were estimated via the Kaplan—-Meier method, including the
estimation of median survival times and calculation of survival rates at predefined time points. Because
nonprogression death could preclude the occurrence of MRD resurgence, Fine-Grey competing-risk regression
models were constructed to evaluate factors associated with MRD resurgence, with nonprogression death treated
as a competing event. Variables that were statistically significant or clinically relevant were entered into
multivariable models. Hazard ratios (HRs) and 95% confidence intervals (CIs) were subsequently calculated, and
cumulative incidence function (CIF) curves were generated to illustrate the probability of MRD resurgence over
time. All analyses were performed with R version 4.3.0, and a two-sided P value <0.05 was considered to indicate
statistical significance.

3 Results
3.1 Baseline Characteristics

The baseline clinical characteristics of the 35 patients included in this study are summarized in Table 1.

The median age at diagnosis was 53 years (range, 35-67); 25 patients (71.4%) were male, and 10 (28.6%) were

female. Four patients (11.4%) were aged >65 years at diagnosis.



162 Table 1 Baseline clinical characteristics of the 35 patients with TE-NDMM who discontinued maintenance

163 therapy after achieving MRD negativity

Characteristic n %
Sex
Male 25 71.4
Female 10 28.6
Median age at diagnosis (range), years 53 35-67
Age >65 years 4 114

M-protein type

IgG 12 343
IgA 4 11.4
IgD 1 2.9
Light chain 18 51.4
Hemoglobin <100 g/L 16 45.7
Platelets <100 x 10°/L 1 2.9
Renal impairment 14 40.0
LDH level >240 U/L 8 22.9
Serum calcium level >2.8 mmol/L 2 5.7
Extramedullary disease, positive 9 25.7
HBsAg, positive 5 14.3
Median bone marrow plasma cells (range), % 20.0 1.0-70.0
R-ISS stage
I 12 343
I 18 514
11 5 14.3
Cytogenetic abnormalities
del(13q) 10 28.6
1921 gain/amplification 9 25.7
t(11;14) 2 5.7
t(4;14) 2 5.7
t(14;16) 2 5.7
del(17p) 1 2.9
High-risk (HRCA) 8 22.9
Ultrahigh-risk (UHRCA) 0 0

164  Abbreviations: TE-NDMM, transplant-eligible newly diagnosed multiple myeloma; MRD, measurable residual
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disease; LDH, lactate dehydrogenase; HBsAg, hepatitis B surface antigen; R-ISS, Revised International Staging
System; HRCAs, high-risk cytogenetic abnormalities; UHRCAs, ultrahigh-risk cytogenetic abnormalities.
HRCAs were defined as del(17p), 1q amplification, t(4;14), and t(14;16).

With respect to the immunoglobulin subtypes, light-chain MM was the most common (18 patients,
51.4%), followed by IgG MM (12 patients, 34.3%), IgA MM (4 patients, 11.4%), and IgD MM (1 patient, 2.9%).
According to the Revised International Staging System (R-ISS), 12 patients (34.3%) had stage I disease, 18
(51.4%) had stage II disease, and 5 (14.3%) had stage I1I disease.

At the time of diagnosis, 14 (40.0%) had renal impairment, and 8 (22.9%) had elevated levels of lactate
dehydrogenase (LDH; >240 U/L). Extramedullary disease (EMD) was present in 9 patients (25.7%). The median
bone marrow plasma-cell proportion at diagnosis was 20.0% (range, 1.0-70.0%). Cytogenetic abnormalities
included del(13q) in 10 patients (28.6%); 1q21 gain/amplification in 9 patients (25.7%), including 3 with
amplification., t(11;14), t(4;14), and t(14;16) in 2 patients each (5.7%), and del(17p) in 1 patient (2.9%). Overall,
8 patients (22.9%) were classified as having HRCAs. No patients with double- or triple-hit myeloma were
identified in this cohort.

3.2 Treatment Characteristics and Maintenance Discontinuation

The characteristics of the treatment regimens and maintenance discontinuation are summarized in Table
2. All patients received bortezomib-based induction therapy, and none of the patients received quadruplet
induction therapy involving an anti-CD38 monoclonal antibody. Thirty-two patients (91.4%) received triplet-
based induction therapy, and 3 (8.6%) received doublet regimens. No patients underwent tandem ASCT. The
maintenance strategies were heterogeneous; the most common regimens were interferon-based therapy (12
patients, 34.3%), thalidomide-based therapy (12 patients, 34.3%), thalidomide combined with interferon (5
patients, 14.3%), lenalidomide-based therapy (2 patients, 5.7%), proteasome inhibitor (PI)—containing regimens
(3 patients, 8.6%), and daratumumab-containing therapy (1 patient, 2.8%).

Table 2 Treatment regimens and maintenance discontinuation characteristics of the 35 patients

Variable n %

Induction therapy (all bortezomib-based)

Doublet regimen 3 8.6
Triplet regimen 32 91.4
Tandem transplantation 0 0

Maintenance regimen

Interferon 12 343
Thalidomide 12 343
Thalidomide + interferon 5 14.3
Lenalidomide 2 5.7
PI-containing 3 8.6
Daratumumab-containing 1 2.8

Timing of bone marrow MRD negativity
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Variable n %

During induction 17 48.6
During maintenance 18 514
Discontinuation within 2 years of MRD negativity 8 22.9

Reason for discontinuation
Patient preference 25 71.4

Second primary malignancy 10 28.6
Abbreviations: MRD, measurable residual disease; PI, proteasome inhibitor. All induction regimens were

bortezomib-based.

With respect to the timing of MRD negativity, 17 patients (48.6%) achieved MRD negativity during
induction therapy, and 18 (51.4%) achieved MRD negativity during maintenance therapy. Eight patients (22.9%)
discontinued maintenance therapy within 2 years of achieving MRD negativity. Regarding the reasons for
discontinuation, 25 patients (71.4%) discontinued treatment on their own, whereas 10 (28.6%) discontinued
treatment because of a second primary malignancy, including acute leukemia, myelodysplastic syndrome, or a
solid tumor.

3.3 Risk Factors Associated with MRD Resurgence After Maintenance Discontinuation

The median interval from the achievement of MRD negativity to maintenance discontinuation was 32.0
months (range, 0.3—143.2), and the median follow-up after discontinuation was 79.0 months (range, 3.8—113.0).
During follow-up, 15 patients (42.9%) developed MRD resurgence, and 9 (25.7%) died without disease
progression. Among the 15 patients with MRD resurgence, the median time to resurgence was 22.4 months (IQR,
12.1-44.3; range, 3.4-98.0).

In the Fine—Grey competing-risk model that treated nonprogression death as a competing event, the
cumulative incidence of MRD resurgence 3 and 5 years after discontinuation was 26.9% (95% CI, 13.4%—42.5%)
and 37.4% (95% CI, 21.1%-53.8%), respectively (Fig. 1a).
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Fig. 1 Cumulative incidence of measurable residual disease (MRD) resurgence after maintenance discontinuation,
estimated using Fine—Grey competing-risk models with nonprogression death (death without disease progression)
as the competing event. (a) Cumulative incidence of the two competing events in the overall cohort (n = 35). (b-
d) Cumulative incidence of MRD resurgence stratified by (b) cytogenetic risk (non-HRCAs vs. HRCAs), (¢)
timing of MRD negativity (during induction vs. during maintenance), and (d) duration of sustained MRD
negativity before discontinuation (<2 vs. >2 years). Abbreviations: MRD, measurable residual disease; HRCAs,

high-risk cytogenetic abnormalities

Univariable and multivariable Fine-Grey analyses were performed to identify factors associated with
MRD resurgence (Table 3). The results of univariable analysis revealed that HRCAs and the achievement of MRD
negativity during maintenance were associated with a higher risk of MRD resurgence. Specifically, patients with
HRCAs had a significantly greater risk of resurgence (HR, 5.6; 95% CI, 2.1-14.9; P<0.001), as did patients who
achieved MRD negativity during maintenance (HR, 3.4; 95% CI, 1.2-9.8; P=0.023). Among the 15 patients with
MRD resurgence, 7 (46.7%) had at least one HRCA at diagnosis. The 36-month cumulative incidence of MRD
resurgence was 70.0% (95% CI, 29.6%—-100.0%) in patients with HRCAs versus 15.3% (95% CI, 1.1%-29.4%)
in those without. Patients who achieved MRD negativity during maintenance had a higher 36-month cumulative
incidence of resurgence than did those who achieved it during induction therapy (44.4% vs. 5.9%; 95% CI, 20.0%—
68.9% vs. 0%—17.4%). In contrast, maintenance discontinuation after sustained MRD negativity for >2 years was
associated with a lower risk of MRD resurgence (HR, 0.3; 95% CI, 0.1-0.9; P=0.037). Similarly, patients who
had been MRD negative for <2 years before maintenance discontinuation had a greater cumulative incidence of

resurgence than those who had been MRD negative for >2 years (56.2% vs. 19.0%) (Fig. 1b—d). In the



230 multivariable Fine—-Grey model, HRCAs remained independently associated with a higher risk of MRD
231  resurgence after maintenance discontinuation (HR, 4.8; 95% CI, 1.6—14.6; P=0.005), whereas sustained MRD
232 negativity for >2 years before discontinuation remained independently associated with a lower risk of resurgence
233 (HR, 0.2; 95% CI, 0.1-0.7; P=0.012).

234 Table 3 Fine—Gray competing-risk regression analysis of factors associated with MRD resurgence after

235 maintenance discontinuation

Univariable Multivariable 95%
Variable Category 95% CI P
HR HR Cl

Age >65 years 2.1 0.4-10.3 0.350 — — —
Sex Male 1.5 0.4-5.5 0.510 — — —
Amyloidosis  Present 2.5 0.4-10.0 0.290 — — —
R-ISS Stage 11/111 1.0 0.4-2.7 0.950 — — —
Light-chain

Yes 0.9 0.3-2.3  0.770 — — —
type
EMD Positive 1.1 0.3-3.3  0.900 — — —

1.6-

HRCAs Positive 5.6 2.1-14.9 <0.001 4.8 146 0.005
Timing of
MRD During maintenance 34 1.2-9.8 0.023 2.0 0.300
negativity
Maintenance

Thalidomide/interferon 1.6 0.4-6.2 0.520 — — —
regimen
Duration of
MRD >2 years 0.3 0.1-0.9  0.037 0.2 0.012
negativity

236 Estimates were derived from Fine—Gray competing-risk regression analysis, with nonprogressive death treated
237 as a competing event. Abbreviations: HR, hazard ratio; CI, confidence interval; R-ISS, Revised International
238 Staging System; EMD, extramedullary disease; HRCAs, high-risk cytogenetic abnormalities; MRD, measurable
239 residual disease. Dashes indicate variables that were not entered into the multivariable model.

240

241 3.4 MRD Resurgence, Clinical Progression, and Salvage Treatment Outcomes

242 At the last follow-up (January 1, 2026), 15 of the 35 patients (42.9%) who discontinued maintenance had
243 experienced MRD resurgence. Among these patients, 2 (13.3%) had experienced MRD resurgence without
244 evidence of progressive disease (PD), whereas the remaining 13 (86.7%) had experienced MRD resurgence
245  alongside obvious clinical or biochemical progression. The median TFS was 67.3 months (95% CI, 26.9-98.0),
246 and the estimated TFS rates at 1, 3, and 5 years after discontinuation were 89.9%, 71.0%, and 54.9%, respectively
247  (Fig. 2a).
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Fig. 2 Kaplan—Meier estimates of treatment-free (TFS) and overall survival (OS) after maintenance
discontinuation in the overall cohort (n = 35). (a) Treatment-free survival and (b) overall survival, both of which
were calculated from the date of maintenance discontinuation. The median TFS was 67.3 months (95% CI, 26.9—
98.0), and the median OS was 80.0 months (95% CI, 20.9-not reached). Abbreviations: TFS, treatment-free

survival; OS, overall survival; CI, confidence interval

Among the 15 patients who experienced MRD resurgence, 2 (13.3%) did not undergo subsequent
antimyeloma therapy because of personal preference, whereas 13 (86.7%) received salvage treatment after disease
progression. The salvage regimens and outcomes are summarized in Table 4. The most common regimen used
was PAD (bortezomib, liposomal doxorubicin, and dexamethasone), which was administered to 8 patients
(61.5%). Other regimens used included KAPD (carfilzomib, liposomal doxorubicin, pomalidomide, and
dexamethasone) in 2 patients (15.4%), VRCD (bortezomib, lenalidomide, cyclophosphamide, and
dexamethasone) in 1 patient (7.7%), daratumumab-containing Dara-KPD in 1 patient (7.7%), and B-cell
maturation antigen (BCMA)—targeted CAR T-cell therapy in 1 patient (7.7%). In addition, 5 patients (38.5%)
underwent a salvage second ASCT after the initial salvage therapy. Among the 13 patients who received salvage
treatment, 10 (76.9%) subsequently achieved MRD negativity again.

Table 4 Salvage regimens and outcomes in 13 patients with MRD resurgence after maintenance discontinuation

Salvage regimen n %

Salvage regimen distribution (n = 13)

PAD 8 61.5
KAPD 2 15.4
VRCD 1 7.7
Dara-KPD 1 7.7
BCMA-targeted CAR T-cell therapy 1 7.7
Salvage second autologous stem cell transplantation 5 38.5

Salvage outcome
Reachievement of MRD negativity 10 76.9

Percentages are calculated for the 13 patients who received salvage therapy. Abbreviations: PAD,

bortezomib/liposomal doxorubicin/dexamethasone; KAPD, carfilzomib/liposomal
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doxorubicin/pomalidomide/dexamethasone; VRCD,
bortezomib/lenalidomide/cyclophosphamide/dexamethasone; Dara-KPD,
daratumumab/carfilzomib/pomalidomide/dexamethasone; BCMA, B-cell maturation antigen; MRD, measurable

residual disease.

Survival outcomes were analyzed from the date of maintenance discontinuation. The median OS for the
entire cohort was 80.0 months (95% CI, 20.9—not reached), and the estimated OS rates at 1, 3, and 5 years after
discontinuation were 91.2%, 67.2%, and 59.4%, respectively (Fig. 2b). Among the patients who received salvage
therapy after MRD resurgence, the median follow-up after retreatment was 43.3 months (95% CI, 15.0-not
reached). The median OS from the initiation of salvage therapy was 74.5 months (95% CI, 23.1-80.8), and the 1-
, 3-, and 5-year OS rates after retreatment were 86.2%, 67.0%, and 53.6%, respectively.

4 Discussion

The continuation of maintenance therapy until disease progression after ASCT has long been regarded
as the standard treatment strategy for transplant-eligible MM patients. However, previous studies have shown that
a subset of patients can achieve prolonged disease control even without such maintenance therapy. A retrospective
study from the Mayo Clinic (Derman 2023; Sneider and Derman 2025) revealed that approximately 9% of patients
achieved disease control for more than 8 years after ASCT without continuation of maintenance therapy, with a
median PFS of 13.8 years and a median OS of 19.9 years—indicative of considerable biological heterogeneity
among patients with MM and that some individuals may maintain long-term remission without continuous
treatment. Nonetheless, in the absence of reliable risk stratification tools, discontinuation according to disease
status was uncommon before the widespread adoption of MRD assessment.

In recent years, advances in quadruplet induction regimens and MRD detection have led to a reappraisal
of the optimal duration of maintenance therapy. The results of the CASSIOPEIA study revealed that daratumumab
maintenance improved PFS, although the additional benefit appeared limited among patients who had already
received daratumumab during induction therapy; moreover, some patients who achieved MRD negativity in the
observation arm maintained prolonged disease control (Paiva and San-Miguel 2025). The results of the PERSEUS
study (Rodriguez-Otero et al. 2024) further demonstrated that MRD negativity rates after treatment with Dara-
VRd improved mainly during the early phase of maintenance and plateaued after approximately 2 years,
suggesting that the incremental benefit of prolonged maintenance may diminish as deeper responses are achieved.
Accordingly, in the era of modern MM therapy, maintenance strategies are gradually shifting from a conventional
“treat until progression” approach towards individualized strategies guided by disease risk and MRD dynamics.
Identifying patients who may safely discontinue therapy and determining an appropriate time to do so have
become important questions in the precision management of MM.

In this study, we retrospectively analyzed the long-term outcomes of 35 patients with NDMM who
achieved bone marrow MRD negativity after ASCT and subsequently discontinued maintenance therapy; the data
were drawn from 16 years of single-center, real-world data. Fine—Grey competing-risk models were used to
examine factors associated with MRD resurgence after discontinuation, and clinical outcomes and salvage-
treatment responses after resurgence were evaluated. We found that HRCAs were associated with a higher risk of
MRD resurgence after discontinuation, whereas discontinuation after sustained MRD negativity for >2 years was

associated with a lower risk. In addition, among patients who experienced MRD resurgence and received salvage
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therapy, a substantial proportion subsequently achieved MRD negativity again. Given the limited sample size,
these findings should be regarded as exploratory and therefore require validation in larger, multicenter studies;
nonetheless, our study provides clinically relevant real-world evidence for risk assessment and patient selection
in MRD-guided maintenance discontinuation.

One notable observation in our study was the potential influence of HRCAs on outcomes after
maintenance discontinuation. This finding is consistent with those of previous reports suggesting that adverse
cytogenetic features may constitute a risk factor beyond MRD status itself. The results of a pooled analysis of the
GRIFFIN and MASTER studies (Costa et al. 2023; Voorhees et al. 2020) revealed that patients with >2 HRCAs
had a relatively unfavorable 3-year PFS despite the use of intensive treatment and MRD-guided strategies (52.4%
and 53.5%, respectively), suggesting that high-risk genetic abnormalities may reflect an adverse disease biology
that is not fully captured by MRD negativity alone. Similarly, the results of the IFM-2009 study (Perrot et al.
2020) indicated inferior disease control among high-risk patients after limited-duration maintenance than among
standard-risk patients. Given these observations, the discontinuation of maintenance therapy solely on the basis
of'a negative MRD result on conventional flow cytometry may warrant additional caution in patients with HRCAs.

For patients with HRCAs, future decisions regarding discontinuation may require the integration of
multiple risk indicators, including a longer duration of sustained MRD negativity, and the use of more sensitive
MRD assessment methods (such as next-generation sequencing or highly sensitive next-generation flow
cytometry) and complementary imaging, such as PET-CT, to exclude residual extramedullary disease. For
ultrahigh-risk patients, the evidence supporting routine discontinuation remains insufficient, given their
substantial risk of relapse. In our cohort, no patients had double- or triple-hit MM, and only 8 patients (22.9%)
had a single HRCA. As no ultrahigh-risk patients were included in our cohort, the safety of maintenance
discontinuation in this population could not be addressed and thus warrants dedicated investigations. The results
of studies evaluating intensified approaches for ultrahigh-risk populations—including GMMG-CONCEPT
(Leypoldt et al. 2025), OPTIMUM (Kaiser et al. 2024), and IFM 2018-04 (Touzeau et al. 2022)—have suggested
that prolonged treatment intensification may improve disease control; nevertheless, this population should
continue to be studied in prospective clinical trials.

Another important observation from our cohort was that discontinuation after sustained MRD negativity
for >2 years was associated with a lower risk of MRD resurgence. This factor remained independently protective
in the multivariable analysis, suggesting that prolonged, deep remission may be associated with more durable
disease control after maintenance discontinuation. These observations are consistent with those of previous
studies. In the GEM2014MAIN study (Guerrero et al. 2024), patients who maintained MRD negativity at a
sensitivity of 107¢ after 24 cycles of maintenance treatment and subsequently discontinued treatment achieved a
4-year PFS rate of 82.8% after discontinuation, which was significantly greater than that of patients with persistent
MRD positivity (50.4%; HR, 0.25; P<0.0001). In the MRD2STOP study (Derman et al. 2024), patients who
discontinued maintenance after a median of 36 months of treatment and had achieved deep MRD negativity
maintained favorable outcomes, with a 3-year PFS rate of 85-92%. Furthermore, in the Greek cohort study
reported by Terpos et al., in which patients received triplet induction, ASCT, and lenalidomide maintenance,
followed by discontinuation after 3 years of maintenance when both bone marrow and imaging-based MRD
assessments remained negative, the 3-year treatment-free survival rate after discontinuation was 75.8%, and the

7-year PFS rate (from diagnosis) reached 90.2% (Terpos et al. 2025). Collectively, these findings suggest that
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sustained, stable, deep MRD negativity may be an important factor for identifying patients suitable for
discontinuation. However, the optimal duration of MRD negativity required before discontinuation remains
undefined; in our study, a threshold of >2 years appeared to have desirable predictive value but requires further
validation in larger cohorts.

In the present study, patients who achieved MRD negativity only during maintenance had a higher risk
of MRD resurgence according to univariable analysis; however, this association was attenuated and no longer
statistically significant after multivariable adjustment. These findings suggest that the timing of MRD conversion
may reflect differences in treatment sensitivity, baseline disease burden, or underlying disease biology among
patients. The results of previous studies, including PETHEMA/GEM2012MENOS65 and FORTE (D'Agostino et
al. 2024; Guerrero et al. 2024), suggest that patients who achieve early MRD negativity tend to have more
favorable long-term disease control. However, given the limited sample size of our cohort, potential interactions
between the timing of MRD conversion and other prognostic factors—such as HRCA status and duration of MRD
negativity—cannot be excluded. The independent prognostic value of the timing of MRD conversion therefore
requires further investigation.

A major clinical concern regarding MRD-guided maintenance discontinuation is whether disease
recurrence after therapy cessation compromises the efficacy of subsequent treatments. Our study provides real-
world evidence on this issue: among the 15 patients with MRD resurgence, 13 (86.7%) had concomitant clinical
or biochemical progression, suggesting that, at the 107> sensitivity threshold used in our study, MRD resurgence
more often represented a marker of disease reactivation than a prolonged early warning signal. These observations
underscore the potential value of more sensitive MRD detection for identifying earlier biological relapse. Notably,
among patients who received salvage therapy, 10 (76.9%) subsequently achieved MRD negativity again,
indicating that recurrence after discontinuation does not necessarily imply a lost therapeutic opportunity. Several
patients achieved deep responses through combination regimens containing novel agents, salvage ASCT, or
emerging immunotherapies. Under close monitoring, therefore, discontinuation should not be equated with
treatment abandonment but rather viewed as a dynamic management strategy in which treatment intensity is
adapted to disease evolution (Costa et al. 2023). These findings offer additional insights into how the potential
risks and benefits of MRD-guided discontinuation can be balanced.

The maintenance regimens used in our cohort reflect real-world practice and differed among the patients;
they included interferon-, thalidomide-, lenalidomide-, and PI-based regimens as well as daratumumab-containing
strategies. No significant association was observed between the type of maintenance regimen and the risk of MRD
resurgence, suggesting that, among patients who have already achieved MRD negativity, subsequent disease
control after discontinuation may be influenced more by the underlying disease biology and depth of response
than by the specific maintenance regimen administered. However, the impact of different maintenance approaches
requires further investigation in larger cohorts. In addition, 28.6% of the patients discontinued maintenance
treatment because of secondary malignancies or other long-term treatment-related concerns, highlighting the
clinical relevance of cumulative toxicity during long-term therapy. The incidence of second primary malignancies
in our cohort was higher than that reported in previous studies, such as the Myeloma XI trial, which reported an
incidence of 7.7% in the posttransplant lenalidomide maintenance group (Jackson et al. 2019). However, because
of the retrospective design, a causal relationship between maintenance therapy and secondary malignancies cannot

be established. These findings emphasize the importance of balancing the potential benefits of prolonged disease

14



387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411

control against the long-term treatment burden in patients with extended survival.

Several limitations of this study should be acknowledged. First, this was a single-center, retrospective
study with a relatively small sample size (n=35), and the limited number of MRD-resurgence events may have
reduced the statistical power of the risk factor analyses. Although the size of the cohort was comparable to that of
previously published studies in this field (e.g., MRD2STOP [n=47] and selected MASTER cohorts (Costa et al.
2023; Derman et al. 2024)), our findings should be considered exploratory and hypothesis-generating rather than
definitive. Second, discontinuation was not determined according to a uniform prospective protocol but was
influenced by patient preference, treatment-related adverse events, and physician judgement, introducing potential
selection bias. Third, MRD was assessed at a sensitivity of 107>, which is lower than the 107 and 1077 thresholds
used in some recent studies, and PET-CT was not routinely incorporated, potentially resulting in the incomplete
capture of low-level residual disease. Fourth, the maintenance strategies were heterogeneous, and patients treated
with contemporary anti-CD38 antibody—based quadruplet induction were not included, limiting the
generalizability of our findings to current treatment paradigms. Finally, quality-of-life and health-economic
outcomes were not systematically assessed; future studies should further examine the long-term impact of
discontinuation strategies on patient-reported outcomes and healthcare burden.

In conclusion, our real-world data suggest that maintenance discontinuation is a potential treatment
strategy for carefully selected transplant-eligible patients with MM who achieve sustained MRD negativity.
HRCA status and the duration of MRD negativity may provide useful information for estimating relapse risk after
discontinuation; specifically, the treatment options for patients with high-risk cytogenetic features or relatively
short durations of MRD negativity should be considered cautiously. The results of ongoing prospective studies—
including DRAMMATIC, RADAR, and FREEDMM—are expected to further define the appropriate patient
population, optimal timing, and standardized criteria for MRD-guided discontinuation. For patients who achieve
deep and durable responses, individualized adjustment of treatment intensity may be an important direction for

the continued evolution of MM management.
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