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Simple Summary

Maintenance therapy plays a critical role in prolonging disease control and improving long-
term outcomes in patients with high-risk multiple myeloma (HRMM). While lenalidomide
maintenance following autologous stem cell transplantation (ASCT) has been shown to
improve progression-free survival (PFS) and overall survival (OS) in multiple myeloma,
these benefits are attenuated in patients with HRMM. Given that some centers employ
doublet maintenance strategies despite the absence of a clearly established standard of care
for HRMM, our multicenter analysis addresses an important gap in the current literature
by comparing the efficacy and safety of doublet versus single-agent maintenance therapy,
specifically bortezomib plus lenalidomide (VR) versus lenalidomide alone (R), in the post-
transplant setting.

Abstract

Background: Lenalidomide maintenance after autologous stem cell transplantation (ASCT)
improves progression-free survival (PFS) and overall survival (OS) in multiple myeloma;
however, these benefits are attenuated in high-risk multiple myeloma (HRMM). No stan-
dard post-transplant maintenance strategy is established for HRMM, and some centers
employ doublet maintenance with bortezomib plus lenalidomide (VR). We evaluated
outcomes with VR versus lenalidomide alone (R) in HRMM. Methods: We conducted a
multicenter retrospective study through the US Myeloma Innovations Research Collabora-
tive (USMIRC), including adults with HRMM who received R or VR maintenance following
ASCT between January 2009 and January 2024. HRMM was defined by del(17p), t(4;14),
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t(14;16), or t(14;20), with or without 1q gain. PFS and OS were estimated using Kaplan–
Meier methods. Median follow-up was 91 months. Baseline characteristics, induction
regimens, and post-transplant response depth were well balanced between the groups.
Median PFS was 51 months (95% CI, 20–NR) with VR and 36 months (95% CI, 31–56) with
R (p > 0.05). Median OS was 103 months (95% CI, 90–NR) and 110 months (95% CI, 94–NR),
respectively (p > 0.05). VR was associated with numerically longer PFS, although the
difference was not statistically significant. No treatment-related mortality occurred within
100 days post-ASCT. Conclusions: In this multicenter real-world analysis of HRMM, VR
maintenance did not result in statistically significant improvements in PFS or OS compared
with lenalidomide alone. These findings underscore the need for prospective, risk-adapted
trials incorporating novel maintenance strategies, including CD38- and BCMA-directed
therapies, in high-risk disease.

Keywords: high-risk multiple myeloma; post-ASCT maintenance; doublet maintenance;
lenalidomide; bortezomib

1. Introduction
Multiple myeloma (MM) is a clonal plasma-cell neoplasm defined by ≥10% clonal

bone-marrow plasma cells or a biopsy-proven plasmacytoma plus at least one myeloma-
defining event [1]. Multiple myeloma (MM) accounts for approximately 10% of hematologic
malignancies [1] and remains incurable for most patients due to relapse or refractoriness to
treatment [2,3]. Nevertheless, substantial survival gains have been achieved with triplet
compared with quadruplet [4] induction, autologous stem cell transplant (ASCT) [1,5], and
maintenance therapy [6,7]. Because relapse after ASCT is common, maintenance therapy
has become a core component of long-term management, prolonging progression-free
survival (PFS) [6,8] and, in some studies, overall survival (OS) [7,9]. Lenalidomide is the
standard maintenance agent, supported by multiple randomized trials and a meta-analysis
that showed a significant PFS benefit versus observation, with OS advantages emerging
with longer follow-up [6–10].

Biologic heterogeneity drives outcomes in MM, and specific cytogenetic abnormalities
define high-risk disease, resulting in inferior survival [11]. The International Myeloma
Working Group (IMWG) and contemporary practice updates classify del(17p), t(4;14),
t(14;16), t(14;20), and gain or amplification of 1q as high-risk; the presence of two or more
such abnormalities is described as “double-hit” or “triple-hit” myeloma with further ad-
verse prognosis [1,11]. Extra copies of 1q are common and show a dose-dependent adverse
effect on outcomes, with amplification (≥4 copies) performing worse than simple gain [12].
A review of maintenance randomized trials revealed that lenalidomide use as maintenance
led to improved PFS after ASCT; however, high-risk and ultra-high-risk cohorts continue
to experience inferior outcomes compared to standard-risk patients, suggesting attenuated
benefit compared with standard-risk disease [8]. Accordingly, contemporary guidance
advocates risk-adapted maintenance, commonly intensifying therapy for high-risk patients
by combining proteasome inhibitors and immunomodulatory agents (e.g., bortezomib plus
lenalidomide) [1,2,13].

The biological rationale for adding a proteasome inhibitor, such as bortezomib or
ixazomib, is compelling in high-risk MM, particularly for cytogenetic abnormalities such
as del(17p) and t(4;14), which are associated with proteasome dependence. In the HOVON-
65/GMMG-HD4 randomized trial, a regimen comprising bortezomib-based induction
followed by bortezomib maintenance led to improved outcomes (PFS and OS) in predefined
high-risk groups, including patients with del(17p) [4]. In the TOURMALINE-MM3 trial,
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ixazomib maintenance after ASCT prolonged PFS relative to placebo with a manageable
safety profile [14]. These findings support proteasome inhibitor maintenance as a practical
option in select patients with adverse cytogenetic profiles, while the detailed effects in
genomically defined high-risk cohorts have yet to be clarified.

Novel antibody-based combinations have expanded the maintenance landscape in
MM. In transplant-eligible patients with newly diagnosed MM, daratumumab added
to VRd induction/consolidation followed by daratumumab–lenalidomide maintenance
significantly reduced the risk of progression or death in the Phase 3 PERSEUS trial [15]. The
Phase 2 GRIFFIN study similarly showed a more durable response and better PFS with D-
VRd, with maintenance incorporating daratumumab plus lenalidomide [16–18]. Emerging
randomized data focused specifically on the maintenance phase (AURIGA) indicate that
daratumumab–lenalidomide maintenance improves measurable residual disease (MRD)
negativity conversion and PFS versus lenalidomide alone in patients who remain MRD-
positive post-ASCT [19]. Together, these studies support antibody-augmented maintenance
as a promising direction, especially for biologically high-risk disease.

Despite these advances, there is no universally accepted standard for maintenance
therapy in high-risk MM [20,21]. Clinical practice varies, and many centers intensify
maintenance therapy for high-risk patients by combining lenalidomide with a proteasome
inhibitor, such as bortezomib, extrapolating from HOVON-65 and risk-adapted expert
guidance [1,22]. However, comparative effectiveness data specifically contrasting dou-
blet bortezomib–lenalidomide (VR) versus lenalidomide alone (R) in high-risk patients
are limited, heterogeneous, and often single-center [21,23,24]. Recent retrospective case
series have reported mixed results, complicated by selection biases and variability in the
definitions of high-risk cytogenetics and 1q amplification [21,24]. Multicenter, real-world
analyses focused on high-risk cohorts remain scarce.

To address this gap, we conducted a multicenter retrospective study within the U.S.
Myeloma Innovations Research Collaborative (USMIRC) comparing VR versus R mainte-
nance after ASCT in high-risk MM, with outcomes including PFS and OS, and a prespecified
evaluation across key cytogenetic subgroups.

2. Methods
We conducted a multicenter retrospective study in collaboration with the U.S.

Myeloma Innovations Research Collaborative (USMIRC) to evaluate the real-world ef-
fectiveness of bortezomib plus lenalidomide (VR) versus lenalidomide monotherapy (R) as
post–autologous stem cell transplant (ASCT) maintenance therapy in patients with high-
risk multiple myeloma (HRMM). The study period spanned from January 2009 to January
2024 and included adult patients (≥18 years) treated across participating USMIRC centers.

High-risk multiple myeloma (HRMM) was defined based on cytogenetic abnormalities
by the presence of one or more of the following abnormalities identified by fluorescence
in situ hybridization (FISH): deletion 17p, t(4;14), t(14;16), or t(14;20), with or without
chromosome 1q gain or amplification. This definition reflects the IMWG 2016 consensus
criteria, which were contemporary to the study period (2009–2024), rather than the revised
2025 IMWG classification requiring co-occurrence of primary cytogenetic abnormalities
with 1q gain/amplification or del(1p32) for high-risk designation. In addition, the threshold
for del(17p) positivity varied by institution based on each center’s validated FISH laboratory
cutoff, consistent with real-world practice across a 15-year study period.

Eligible patients had undergone induction and ASCT, followed by maintenance ther-
apy with either R alone or VR doublet within 180 days of ASCT. Patients who received
tandem or allogeneic transplantation or alternative maintenance regimens were excluded
from the study. Patients who achieved a suboptimal response (less than a partial response)

https://doi.org/10.3390/curroncol33030164

https://doi.org/10.3390/curroncol33030164


Curr. Oncol. 2026, 33, 164 4 of 14

after initial induction were eligible to receive a second induction regimen before ASCT, at
the discretion of the treating physician. Response assessments were performed after each
induction course according to IMWG uniform response criteria.

Baseline demographic and clinical characteristics, including age, sex, race, Revised
International Staging System (R-ISS) stage, cytogenetic profile, myeloma subtype, and
performance status, were extracted from institutional databases. Treatment-related data
included the type of induction regimen and conditioning protocol. Response assessments
were performed according to the IMWG uniform response criteria. The overall response
rate (ORR) was defined as the proportion of patients achieving ≥partial response (PR), and
deep response was defined as ≥very good partial response (VGPR). Continuous variables
were summarized using median and interquartile range (IQR), and categorical variables
were summarized using counts and percentages. Comparisons were made between the
VR and R groups. For continuous variables, the Wilcoxon rank-sum test was performed.
Associations between categorical variables and maintenance therapy were assessed using
the Pearson chi-squared test; when expected cell counts were small, Fisher’s exact test was
used. The test was performed only on available data, and no data imputation was applied.
The primary endpoints were progression-free survival (PFS) and overall survival (OS),
measured from the date of ASCT to disease progression, death, or the last follow-up. The
secondary endpoints included ORR post-induction, post-ASCT, and at 6 and 12 months
following the initiation of maintenance therapy. ORR post-induction and post-ASCT were
also reported as descriptive data to characterize baseline response status at the initiation
of maintenance therapy. The differences in overall survival were compared based on the
restricted mean survival time using the survRM2 package (version 1.0-4) in R (version 4.3.1).

Given the retrospective nature of the analysis, the requirement for informed consent
was waived. All patient data were de-identified to ensure confidentiality and compliance
with the Health Insurance Portability and Accountability Act (HIPAA).

3. Results
3.1. Baseline Characteristics

A total of 97 patients with high-risk cytogenetic multiple myeloma were included in
the analysis. Among them, 68 (70%) received lenalidomide (R) maintenance, and 29 (30%)
received bortezomib–lenalidomide (VR) doublet maintenance therapy post-transplantation.

The median age of the overall cohort was 60 years (IQR 52–67), with similar medians
observed in the R (60 years, IQR 51–67) and VR (57 years, IQR 52–66) groups. Slightly more
than half of the overall population was male (52%), with a higher proportion of men in the
VR arm than in the R arm (62% vs. 47%) as shown in Table 1.

The majority of patients were White (69%), with equal representation across the R
(69%) and VR (69%) groups. African American patients represented 23% of the total cohort
(24% R and 21% VR). Smaller proportions of patients were identified as Asian (3.1% overall;
higher in VR at 6.9% vs. 1.5% in R), Hispanic (2.1%, all in R), or Other (3.1%).

Most patients had good functional status at baseline. ECOG performance status (PS) 0
or 1 was observed in 89% of patients (87% R, 97% VR). A small proportion had PS 2 (9.3%
overall; more common in the R group [12%] than in the VR group [3.4%]). Only one patient
had a PS of 3 (R group).

Based on the Revised International Staging System (R-ISS), stage II disease predomi-
nated (61% overall; 54% R and 76% VR). Stage III disease was observed in 29% of patients
overall, with a higher proportion in the R group (32% vs. 21% in the VR group). Stage I
disease was less common (7.2% overall), and three patients had missing staging data.
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Table 1. Baseline demographics and disease characteristics.

Characteristic Overall
N = 97 1

R
N = 68 1

VR
N = 29 1 p-Value 2

Age 60 (52, 67) 60 (51, 67) 57 (52, 66) 0.8
Unknown 3 1 2

Gender 0.2
F 47 (48%) 36 (53%) 11 (38%)
M 50 (52%) 32 (47%) 18 (62%)

Race 0.6
AA 22 (23%) 16 (24%) 6 (21%)

Asian 3 (3.1%) 1 (1.5%) 2 (6.9%)
Hispanic 2 (2.1%) 2 (2.9%) 0 (0%)

Other 3 (3.1%) 2 (2.9%) 1 (3.4%)
W 67 (69%) 47 (69%) 20 (69%)
PS 0.5
0 15 (15%) 9 (13%) 6 (21%)
1 72 (74%) 50 (74%) 22 (76%)
2 9 (9.3%) 8 (12%) 1 (3.4%)
3 1 (1.0%) 1 (1.5%) 0 (0%)

Stage R-ISS 0.3
1 7 (7.2%) 6 (8.8%) 1 (3.4%)
2 59 (61%) 37 (54%) 22 (76%)
3 28 (29%) 22 (32%) 6 (21%)

Missing 3 (3.1%) 3 (4.4%) 0 (0%)
Type of Myeloma 0.3

Free Kappa 7 (7.2%) 6 (8.8%) 1 (3.4%)
Free lambda 5 (5.1%) 5 (7.3%) 0 (0%)
IgA Kappa 20 (20.6%) 13 (19.1%) 7 (24.1%)

IgA Lambda 5 (5.1%) 4 (5.9%) 1 (3.4%)
IgG Kappa 37 (38.1%) 23 (33.8%) 14 (48.2%)

IgG Lambda 22 (22.6%) 17 (25%) 5 (17.2%)
non-secretory 1 (1.0%) 0 (0%) 1 (3.4%)

Cytogenetics Subgroup 0.6
Double/Triple Hit 12 (12%) 8 (12%) 4 (14%)

t(14;16)/t(14;20) 9 (9.3%) 8 (12%) 1 (3.4%)
t(4;14) 29 (30%) 19 (28%) 10 (34%)

TP53/del(17p) 47 (48%) 33 (49%) 14 (48%)
1 Median (Q1, Q3); n (%). 2 Wilcoxon rank-sum test; Pearson’s chi-squared test; Fisher’s exact test.

The distribution of myeloma subtypes was comparable between the two maintenance
groups. IgG kappa was the most common subtype overall, accounting for 38.1% of patients
(33.8% in the R group vs. 48.2% in the VR group). This was followed by IgG lambda in
22.6% (25% vs. 17.2%) and IgA kappa in 20.6% (19.1% vs. 24.1%) of patients in the R and
VR groups, respectively. IgA lambda was identified in 5.1% of patients (5.9% vs. 3.4%),
whereas free light chain (FLC) disease accounted for a smaller proportion: free kappa in
7.2% (8.8% vs. 3.4%) and free lambda in 5.1% (7.3% vs. 0%) of patients. Only one patient
(1.0%) presented with non-secretory myeloma, occurring exclusively in the VR cohort.
Overall, the distribution of immunoglobulin isotypes did not significantly differ between
the two maintenance groups (p > 0.05).

Among the 97 patients with high-risk multiple myeloma, the distribution of cytoge-
netic high-risk subgroups was comparable between the two arms (p = 0.60). Double- or
triple-hit abnormalities were observed in 12% of the overall patient population, with similar
frequencies in the R (12%) and VR (14%) groups. Translocations involving t(14,16)/t(14,20)
occurred in 9.3% of patients and were more frequent in the R cohort (12%) than the VR
cohort (3.4%). Notably, 30% of the overall patient population had t(4,14), and this was
similarly distributed between the groups. TP53 abnormalities or del (17p) were the most
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common feature, presented in 48% of patients overall, with no meaningful difference
between the cohorts.

3.2. Response to Induction Therapy

Overall response rates were assessed in all subjects, including those who received one
induction therapy and those who received a second induction. In this cohort with a single
induction, 91% of patients achieved an objective response, including 88% in the R group
and 97% in the VR group. The depth of response varied modestly across groups. Among
patients in the R cohort, 15% achieved a complete response (CR), 2.9% achieved a stringent
complete response (sCR), 24% achieved a partial response (PR), and 47% achieved a very
good partial response (VGPR). In comparison, patients in the VR group demonstrated
numerically higher rates of deep responses: 28% achieved CR, 10% achieved sCR, 28%
achieved PR, and 31% achieved VGPR. Progressive disease (PD) was observed in two
patients (2.9%) in the R group and none in the VR group, see Table 2 for reference.

Table 2. Response to induction therapy.

Characteristic Overall
N = 97 1

R
N = 68 1

VR
N = 29 1 p-Value 2

ORR post 1st Induction 0.3
N 9 (9.3%) 8 (12%) 1 (3%)
Y 88 (91%) 60 (88%) 28 (97%)

ORR (Type of Response) 0.2
CR 18 (19%) 10 (15%) 8 (28%)
PD 2 (2.1%) 2 (2.9%) 0 (0%)
PR 24 (25%) 16 (24%) 8 (28%)

sCR 5 (5.2%) 2 (2.9%) 3 (10%)
SD 1 (1.0%) 1 (1.5%) 0 (0%)

VGPR 41 (42%) 32 (47%) 9 (31%)
N/A 6 (6.2%) 5 (7.4%) 1 (3.4%)

ORR post 2nd Induction 0.2
Y 12 (12%) 10 (15%) 2 (6.9%)
N 9 (9.3%) 4 (5.9%) 5 (17%)
r 1 (1.0%) 1 (1.5%) 0 (0%)

N/A 75 (77%) 53 (78%) 22 (76%)
ORR (Type of Response) 0.6

CR 2 (2.1%) 2 (2.9%) 0 (0%)
PR 2 (2.1%) 1 (1.5%) 1 (3.4%)

sCR 1 (1.0%) 1 (1.5%) 0 (0%)
VGPR 8 (8.2%) 7 (10%) 1 (3.4%)
N/A 84 (87%) 57 (84%) 27 (93%)

1 n (%). 2 Fisher’s exact test; Abbreviations: CR, complete response; sCR, stringent complete response; VGPR,
very good partial response; PR, partial response; SD, stable disease; PD, progressive disease; NE, not evaluable; Y,
yes; N, no; N/A, not applicable; r, response maintained.

A subset of patients received second induction therapy due to suboptimal response
(less than partial response) after initial induction. Among these patients, response rates
were lower overall due to a large proportion of patients classified as not evaluable. In this
subset, 12% of patients in the R group and 6.9% in the VR group achieved a measurable
response. Within the R cohort, two patients (2.9%) achieved CR, one (1.5%) achieved sCR,
one (1.5%) achieved PR, and seven (10%) achieved VGPR. In the VR cohort, one patient
(3.4%) achieved PR, and one (3.4%) achieved VGPR, with no CR or sCR reported.

3.3. Post-ASCT Response

After ASCT but prior to maintenance, the ORR remained high (94% overall; 93% R,
97% VR) as shown in Table 3. In the R arm, 38%, 13%, and 38% of patients achieved CR,
sCR, and VGPR, respectively. In the VR arm, 34%, 17%, and 34% of patients achieved CR,
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sCR, and VGPR, respectively. PRs were observed in 4.4% of R and 10% of VR patients.
Non-evaluable responses were rare (<6%).

Table 3. Response post-ASCT.

Characteristic Overall
N = 97 1

R
N = 68 1

VR
N = 29 1 p-Value 2

ASCT ORR 91 (94%) 63 (93%) 28 (97%) 0.7
Post ASCT ORR (Type of Response) 0.7

CR 36 (37%) 26 (38%) 10 (34%)
PR 6 (6.2%) 3 (4.4%) 3 (10%)

sCR 14 (14%) 9 (13%) 5 (17%)
VGPR 36 (37%) 26 (38%) 10 (34%)
N/A 5 (5.2%) 4 (5.9%) 1 (3.4%)

1 n (%); 2 Fisher’s exact test; Abbreviations: CR, complete response; PR, partial response; sCR, stringent complete
response; VGPR, very good partial response; N/A, not applicable.

3.4. Response at 6 Months Post-Maintenance

At 6 months post-maintenance initiation, the responses were durable across both
groups. In the R cohort, CR was achieved in 25 patients (37%), sCR in 11 (16%), VGPR
in 15 (22%), and PR in none of the patients. In the VR cohort, CR was observed in eight
patients (28%), sCR in four (14%), VGPR in six (21%), and PR in one (3%). Progressive
disease occurred in nine (13%) and five (17%) patients on R and VR, respectively. Treat-
ment discontinuation due to adverse events was observed in only one patient, Table 4
demonstrates the same.

Table 4. Response at 6 months and 12 months post-maintenance.

Characteristic Overall
N = 97 1

R
N = 68 1

VR
N = 29 1

ORR post-maintenance 6 months
CR 33 (34%) 25 (37%) 8 (28%)
PD 14 (14%) 9 (13%) 5 (17%)
PR 1 (1.0%) 0 (0%) 1 (3.4%)

sCR 15 (15%) 11 (16%) 4 (14%)
SD 2 (2.1%) 2 (2.9%) 0 (0%)

VGPR 21 (22%) 15 (22%) 6 (21%)
Y 10 (10%) 6 (8.8%) 4 (14%)

Y, stopped due to AE 1 (1.0%) 0 (0%) 1 (3.4%)
ORR post-maintenance 12 months

CR 30 (31%) 24 (35%) 6 (21%)
N 2 (2.1%) 2 (2.9%) 0 (0%)

N/A 11 (11%) 6 (8.8%) 5 (17%)
PD 15 (15%) 10 (15%) 5 (17%)
PR 1 (1.0%) 0 (0%) 1 (3.4%)

sCR 12 (12%) 9 (13%) 3 (10%)
SD 2 (2.1%) 2 (2.9%) 0 (0%)

VGPR 14 (14%) 10 (15%) 4 (14%)
Y 8 (8.2%) 4 (5.9%) 4 (14%)

Stopped due to AE 1 (1.0%) 0 (0%) 1 (3.4%)
unknown 1 (1.0%) 1 (1.5%) 0 (0%)

1 n (%). Abbreviations: CR, complete response; sCR, stringent complete response; VGPR, very good partial
response; PR, partial response; SD, stable disease; PD, progressive disease; NE, not evaluable; Y, yes; N, no; N/A,
not applicable.

3.5. Response at 12 Months Post-Maintenance

By 12 months, the depth of response remained broadly similar between the groups. In
the R arm, 24 patients (35%) achieved CR, 9 (13%) sCR, 10 (15%) VGPR, and none achieved
PR. In the VR group, CR was observed in six patients (21%), sCR in three (10%), VGPR in
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four (14%), and PR in one (3%). PD occurred in 10 (15%) and 5 (17%) patients in the R and
VR arms, respectively. Treatment discontinuation due to toxicity occurred in one patient
who received VR. A higher proportion of patients with VR were unevaluable at 12 months
(17% vs. 8.8%).

3.6. Survival Outcomes

On Kaplan–Meier analysis, median overall survival (OS) was estimated at 110 months
(95% CI: 94, not reached) in the R group and 103 months (95% CI: 90, not reached) in the
VR group, demonstrated in Figure 1. As the KM curve crosses and the proportional hazard
assumption is violated, instead of calculating the hazard ratio, we computed the restricted
mean survival time. For comparison, at the follow-up of 140 months, the difference in
restricted mean survival time was 5.3 months (95% CI: −16.4, 27.0), and the p-value was
0.634. The median progression-free survival (PFS) in the R group was 36 months (95% CI:
31–56); the median PFS in the VR group was 51 months (95% CI: 20, not reached), as shown
in Figure 2. At the follow-up of 117 months, the difference in restricted mean PFS time was
3.9 months (95% CI: −14.1, 21.9), and the p-value was 0.672. The wide confidence interval
was due to the small sample size. As such, no conclusions regarding a PFS difference
between groups can be made, and continued follow-up is warranted.

Kaplan-Meier model fit. 

Characteristic Median Survival (in Months) 

Maintenance type  

R 110 (94, —) 

VR 103 (90, —) 
 

Figure 1. Overall survival post-maintenance with VR (bortezomib–lenalidomide) versus R (lenalidomide).
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Characteristic Median PFS Survival (in Months) 

Maintenance type  

R 36 (31, 56) 

VR 51 (20, —) 

Figure 2. PFS post-maintenance with VR (bortezomib–lenalidomide) versus R (lenalidomide).

4. Discussion
In this multicenter real-world HRMM cohort, median PFS in the lenalidomide-alone

(R) group was 36 months (95% CI: 31–56). Median PFS in the bortezomib–lenalidomide
(VR) group was 51 months (95% CI: 20–NR). The wide confidence interval for PFS in the
VR arm reflects the limited sample size and warrants cautious interpretation. Restricted
mean survival time (RMST) analysis, which estimates the average event-free survival up
to a specified time horizon, showed a PFS difference of 3.9 months (95% CI: −14.1, 21.9;
p = 0.672). Median OS was estimated at 110 months (95% CI: 94, not reached) in the R group
and 103 months (95% CI: 90, not reached) in the VR group. Responses at 6 and 12 months
were durable in both arms, and early treatment-related mortality was not observed in
either group.

This finding is consistent with the benefit observed in trials demonstrating that post-
transplant exposure to proteasome inhibitors improves disease control and survival out-
comes. In HOVON-65/GMMG-HD4, a bortezomib-containing regimen that included
bortezomib maintenance improved PFS and showed OS advantages in the overall popula-
tion, as well as in predefined adverse-risk subsets, such as del(17p), when compared to a
thalidomide-based regimen [4,22]. Overall, while these historical results support adding
a proteasome inhibitor during the maintenance period in adverse biology, it is important
to acknowledge that the HOVON-65/GMMG-HD4 trial utilized older comparators and
preceded current salvage options [4,22,25].

Data from the randomized, open-label Phase 2 FORTE trial [26] show that adding
carfilzomib to lenalidomide (KR) during maintenance improves progression-free survival
after ASCT compared with lenalidomide (R) alone. Utilizing randomized maintenance
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intensification (defined as adding carfilzomib to lenalidomide), KR maintenance reduced
the risk of progression or death versus R (HR 0.64, 95% CI 0.44–0.94; 3-year PFS 75%
vs. 65%) [26], providing supporting evidence that doublet maintenance can improve
survival indices after ASCT. Beyond the overall maintenance effect, it is important to
determine whether this benefit persists across cytogenetic risk strata. In a prespecified
cytogenetic analysis of the FORTE trial [27], a downtrend in PFS was noted with an
increasing high-risk cytogenetic burden, revealing 80%, 68%, and 53% 3-year PFS with zero,
one, and two or more high-risk cytogenetic abnormalities (HRCA), respectively, indicating
an increasing risk of multi-hit disease. Exploratory subgroup readouts suggested that
the KR maintenance advantage extended to canonical lesions such as del(17p) and t(4;14),
whereas 1q amplification remained particularly adverse despite intensified therapy. These
observations align with our cohort, in which intensified maintenance therapy favored PFS
without an early OS difference, and further show the need for more research in patients with
MM with ultra-high-risk biology. Our findings are also consistent with the Nordic Myeloma
Study Group Phase 2 trial, which employed cytogenetic risk-based stratification, assigning
high-risk patients to ixazomib–lenalidomide maintenance and standard/low-risk patients
to lenalidomide alone. Notably, high-risk patients receiving doublet maintenance achieved
similar PFS to standard/low-risk patients on lenalidomide alone (66% progression-free at
2 years; p = 0.395), supporting the rationale that intensified maintenance may mitigate the
adverse prognostic impact of high-risk cytogenetics [28].

Nonetheless, antibody-based combinations are reshaping the expectations of transplant-
eligible patients with multiple myeloma. The PERSEUS trial demonstrated that adding dara-
tumumab to VRd induction and consolidation, followed by daratumumab–lenalidomide
maintenance, significantly reduced the risk of progression or death compared to VRd
followed by lenalidomide alone in transplant-eligible patients [15]. In the randomized
controlled GRIFFIN Phase 2 Trial, which explored the addition of daratumumab to lenalido-
mide, bortezomib, and dexamethasone (D-RVd) versus lenalidomide, bortezomib, and
dexamethasone only, the D-RVd study arm performed better in terms of PFS than the RVd
arm [16,18]. Focusing specifically on the maintenance phase, the AURIGA trial found that
daratumumab–lenalidomide improved MRD negativity conversion and PFS compared
with lenalidomide alone in patients who remained MRD-positive post-ASCT [19]. When
evaluated side-by-side, these data support antibody-augmented maintenance therapy as a
promising direction, particularly for biologically adverse diseases. Beyond CD38-targeted
antibodies, BCMA-targeted bispecific T-cell engagers are being evaluated as maintenance
therapy in the frontline setting, including the ongoing Phase 3 MajesTEC-4 (EMN30) trial
evaluating teclistamab versus lenalidomide maintenance after autologous transplant in
newly diagnosed patients.

The absence of an early OS difference is consistent with the contemporary relapse
rates. High-activity salvage regimens at first relapse, including CD38–antibody triplets,
can attenuate early OS separation even when frontline or maintenance strategies prolong
PFS, and randomized BCMA-directed cell-therapy trials have further improved PFS after
first progression. Updated final analyses from POLLUX [29] and CASTOR [30] reported
OS improvements with daratumumab-containing salvage triplets, and KarMMa-331 and
CARTITUDE-432 demonstrated superior PFS for ide-cel and cilta-cel versus standard
regimens in patients who had received prior therapy, which may delay OS divergence
between upfront maintenance strategies [31,32].

Real-world comparisons illustrate how outcomes reflect both disease biology and
selection, with two large retrospective comparisons reaching different conclusions when
focusing on high-risk patients after ASCT. In a real-world, multicenter CIBMTR analysis
restricted to high-risk cytogenetics (n = 503) [24], lenalidomide maintenance was associated
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with better 2-year PFS than bortezomib-based maintenance, although the bortezomib cohort
had more adverse baseline features and included both monotherapy and combination
regimens [24]. In contrast, a trial-derived retrospective comparison pooling two GMMG
Phase 3 studies, not limited to high-risk patients, found no significant difference in PFS or
OS between lenalidomide and bortezomib maintenance therapy after ASCT [23].

In this multicenter retrospective analysis, VR maintenance was associated with a
numerically longer median PFS compared with R alone, though this difference did not
reach statistical significance. These hypothesis-generating findings support further investi-
gation of doublet maintenance strategies in high-risk MM through prospective, adequately
powered trials. Given the evolving treatment landscape, future studies should incorporate
MRD-guided approaches and novel agents, including CD38- and BCMA-directed therapies.

Strengths, Limitations, and Future Directions

This retrospective analysis is subject to selection bias and unmeasured confounding.
The small sample size (n = 97), particularly in the VR cohort (n = 29), limits the statistical
power to detect modest differences. Granular cytogenetic stratification, including differ-
entiation of 1q gain versus amplification and institutional FISH-specific thresholds, was
not feasible despite potential prognostic relevance. MRD data were unavailable, limiting
biological interpretation and comparison with contemporary MRD-guided maintenance
studies. Maintenance dosing, duration, and toxicity assessment were not standardized
across centers, and granular dosing data were not systematically captured in this retro-
spective analysis, introducing treatment heterogeneity that may influence PFS. Granular
toxicity data, including graded neuropathy assessments, were not systematically captured.
No treatment-related mortality occurred within 100 days post-ASCT, and treatment discon-
tinuation due to adverse events was uncommon. Additionally, a subset of patients required
a second induction due to suboptimal initial response, which may reflect more refractory
disease biology; however, the small numbers preclude meaningful subgroup analysis. In
addition, the prolonged study period encompasses substantial advances in salvage therapy,
including CD38-directed antibodies and BCMA-targeted agents, which may attenuate
OS differences between maintenance strategies. Our high-risk definition was based on
the 2016 IMWG consensus criteria, which classified del(17p), t(4;14), t(14;16), and t(14;20)
as high-risk abnormalities regardless of co-occurring lesions. The recently updated 2025
IMWG criteria now require co-existence of these abnormalities with 1q gain/amplification
or del(1p32) for high-risk classification. While our definition was appropriate for the study
period, future analyses should consider the revised risk stratification framework.

Key strengths include the multicenter USMIRC collaboration, which enhances general-
izability, and the restriction of the cohort to patients with predefined high-risk cytogenetic
abnormalities, defined by IMWG criteria. Long-term follow-up supports the robustness
of PFS and OS estimates, and uniform application of IMWG response criteria improves
consistency of response assessment. Baseline characteristics were well balanced between
the groups. Importantly, this study provides real-world data addressing an area with
limited prospective evidence in high-risk multiple myeloma.

For future directions, it would be beneficial for prospective trials to test maintenance
intensification strategies that incorporate anti-CD38 antibodies and emerging BCMA-
directed therapies, with predefined analyses targeting high-risk cytogenetics. Given the
scale of prolonged maintenance, future studies should address cost-effectiveness, patient-
reported outcomes, systematic adverse event monitoring, and long-term toxicity.
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5. Conclusions
In this multicenter retrospective analysis conducted through the U.S. Myeloma In-

novations Research Collaborative (USMIRC), doublet maintenance with bortezomib plus
lenalidomide (VR) was associated with a numerically longer median PFS (51 vs. 36 months)
compared with lenalidomide alone (R) in patients with high-risk multiple myeloma fol-
lowing ASCT; however, this difference did not reach statistical significance. Median OS
was comparable between the two groups (103 vs. 110 months), and no treatment-related
mortality was observed within 100 days post-ASCT. Response rates at 6- and 12-month
post-maintenance were durable across both arms.

These findings highlight the persistent unmet need for effective maintenance strate-
gies in high-risk multiple myeloma. While the addition of bortezomib to lenalidomide
maintenance did not demonstrate a statistically significant survival benefit in our cohort,
the limited sample size and wide confidence intervals warrant cautious interpretation
and emphasize the need for adequately powered prospective trials. The evolving treat-
ment landscape, including CD38-directed antibodies and BCMA-targeted therapies, offers
promising avenues for maintenance intensification in this population. Future studies
should incorporate MRD-guided approaches, risk-adapted stratification aligned with up-
dated IMWG criteria, and systematic assessment of long-term safety and patient-reported
outcomes to optimize post-transplant maintenance in high-risk disease.
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