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Abstract
Post-transplantation therapy is commonly performed in patients with myeloma and can prolong progression-free survival 
(PFS). However, whether post-transplantation therapy contributes to achieving and continuing MRD-negativity remains con-
troversial. This retrospective analysis aimed to evaluate the clinical impact of post-transplantation therapy, including tandem 
autologous stem cell transplantation (ASCT), in myeloma patients. The subjects were 79 patients (median age: 62 years) who 
received induction therapy, including bortezomib and/or lenalidomide, of whom 58 underwent post-transplantation therapy. 
At the median follow-up time of 50 months, the 4-year PFS rate was significantly higher in patients who underwent post-trans-
plantation therapy than those who did not (60.6% vs. 28.6%, P = 0.012). Multivariate analysis revealed post-transplantation 
therapy to be a significant prognostic factor for long PFS. Tandem ASCT followed by consolidation and/or maintenance 
therapies improved PFS and OS. The minimal residual disease (MRD)-negative rate was significantly higher in patients who 
underwent post-transplantation therapy than those who did not (50.9% vs. 16.7%, P = 0.006). Post-transplantation therapy 
contributed to sustained MRD-negativity, which predicted long PFS and overall survival. Patients frequently discontinued 
post-transplantation therapy due to adverse events within 4 months. In conclusion, post-transplantation therapy improved 
PFS and contributed to sustained MRD-negativity in myeloma patients.

Keywords Multiple myeloma · Tandem autologous stem cell transplantation · Post-transplantation therapy · Minimal 
residual disease

Introduction

Despite the development of novel agents has improved its 
prognosis over the last decade, multiple myeloma (MM) 
remains incurable [1]. Notably, upfront autologous hemat-
opoietic stem cell transplantation (ASCT) is the standard 

treatment for young patients with myeloma [2–6]. Further-
more, post-transplant therapy has contributed to improv-
ing clinical outcomes [3, 4, 7–10] and is recommended 
in several guidelines for hematopoietic oncology practice 
[11–13]; specifically, it can be divided into consolidation 
and maintenance therapies. The former is a short-term 
chemotherapy regimen with a similar intensity to induc-
tion therapy and is designed to intensify the therapeutic 
effect after transplantation, while the latter aims to prolong 
the response to long-term therapy, is less intense than the 
pre-treatment induction regimen, and is administered as a 
single- or dual-drug therapy after ASCT [14, 15]. Addition-
ally, tandem ASCT can be included in a post-transplantation 
therapy and improve clinical outcomes [16–19]. The effi-
cacy and safety of post-transplant treatments, comprising 
lenalidomide (LEN) maintenance therapy [7], ixazomib 
(IXA) maintenance therapy [8], and bortezomib, LEN, plus 
dexamethasone (VRd) consolidation therapy [4], have been 
reported in large-scale clinical trials. Furthermore, MRD 
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negativity could predict extended survival in the patients 
who received ASCT, according to a meta-analysis [20]; how-
ever, it remains controversial whether post-transplantation 
therapy contributed to achieving and continuing MRD-neg-
ativity [21–23]. Additionally, several patients discontinued 
post-transplantation therapy according to clinical trials and 
real-world evidence [24, 25], but it was not described clearly 
when the post-transplantation therapy was discontinued.

This retrospective study aimed to evaluate the efficacy 
and safety of post-autologous-transplantation therapy in 
patients with transplantation-eligible newly diagnosed MM 
(NDMM).

Materials and methods

We reviewed the medical records of NDMM patients who 
underwent upfront ASCT at the Jikei University Hospital 
and Jikei University Kashiwa Hospital between January 
2012 and December 2020 and were followed up until Octo-
ber 2022. This study was approved by the independent ethics 
committee and the institutional review board of our institu-
tion (34-012(11,157)).

Patients

Patients aged ≥ 20 years, diagnosed with symptomatic MM, 
and who received high-dose melphalan followed by ASCT 
were included. Furthermore, patients with monoclonal gam-
mopathy of undetermined significance and smoldering MM 
were excluded from the study. High-risk cytogenetic abnor-
mality (HRCA) was defined as t(4;14), t(14;16), del17p, or 
1q21 gain by fluorescence in situ hybridization [26]. Post-
transplantation therapy was defined as all subsequent chemo-
therapy following a single ASCT, such as tandem ASCT, 
consolidation, and maintenance therapy.

Treatment strategy

Concrete treatment was chosen by the physicians’ choice 
according to the treatment strategy as follows. VRd was 
performed as induction therapy after 2017, while bort-
ezomib plus dexamethasone therapy was performed as 
induction therapy before 2016. Tandem ASCT was con-
ducted independently from cytogenetic risk in the Jikei 
University Kashiwa hospital and for the patients with 
HRCA in the Jikei University hospital when an adequate 
count of PBSC was harvested. We did not change from sin-
gle to tandem ASCT depending on the treatment response 
after the first ASCT. Consolidation and maintenance ther-
apy was performed if the patients were not willing to omit 
these therapies. LEN maintenance therapy was done before 
2018, whereas 8 cycles of IXA, LEN plus dexamethasone 

(IRd) consolidation therapy followed by IXA maintenance 
therapy after 2019. IXA maintenance therapy was contin-
ued for 2 years in patients without HRCA and until pro-
gressive disease in those with HRCA, independently from 
the treatment response after post-transplantation therapy.

Response assessment

Disease response was assessed according to the Interna-
tional Myeloma Working Group criteria [27]. The MRD 
status was analyzed using multicolor flow cytometry (SRL 
Inc., Tokyo, Japan) for the patients whose monoclonal 
protein band was not observed by two consecutive immu-
nofixation electrophoresis (IFE) [28]. The cutoff value 
for MRD negativity was 1 ×  10−5. MRD assessment was 
repeated once a year, generally when IFE status remained 
negative. Sustained MRD-negativity was defined as two 
or more consecutive MRD-negativity.

Statistical analysis

The primary endpoint of this study was the comparison of 
the progression-free survival (PFS) of patients with and 
without post-transplantation therapy. PFS was calculated 
from the date of the first ASCT to that of disease progres-
sion or death from any cause. The secondary endpoints 
were the overall survival (OS), treatment response, MRD 
status, and the cumulative incidence of post-transplanta-
tion therapy discontinuation due to adverse events. The OS 
was calculated from the first ASCT to the date of death due 
to any causes. The clinical outcome between the patients 
treated with and without post-transplantation therapy was 
analyzed by performing a matched-pair analysis using the 
Mantel–Haenszel test to match data from the two groups 
owing to significant differences in patient characteristics. 
Furthermore, the predictive value of post-transplantation 
therapy for MRD negativity and sustained MRD negativ-
ity were investigated. Actuarial survival analysis was per-
formed using the Kaplan–Meier method, and the resulting 
curves were compared using the log-rank test. All prog-
nostic variables were analyzed for survival and predic-
tive factors for MRD status using Cox regression analysis 
and multiple logistic regression analysis, respectively. All 
reported P-values were two-sided, and P-values < 0.05 
were considered statistically significant. Statistical analy-
ses were performed using EZR (Saitama Medical Center, 
Jichi Medical University), which is a graphical user inter-
face for R (The R Foundation for Statistical Computing) 
[29]; specifically, it is a modified version of R Commander 
that incorporates frequently used biostatistical functions.
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Results

Patient characteristics

Seventy-nine patients with a median age of 62 years 
(range, 45–71 years) at ASCT were included in this study. 
Forty-two patients received VRd as an induction treat-
ment. The number of patients with and without HRCA was 
23 and 29, respectively. Furthermore, 27 and 13 patients 
had no cytogenetic risk data available and achieved a com-
plete response (CR) before ASCT, respectively; 58 patients 
received post-transplantation therapy, including 37 tandem 
ASCT, 37 consolidation, and 44 maintenance therapies. 
Consolidation therapy was as follows: IXA, LEN, plus 
dexamethasone (DEX) (IRd), 26 patients; elotuzumab and 
LEN plus DEX (Rd), 4; VRd, 3; Rd, 3; daratumumab plus 

Rd as consolidation therapy, 1. Maintenance therapy was 
as follows: LEN monotherapy, 23; and IXA monotherapy 
as maintenance therapy, 21. The percentage of patients 
who received VRd as induction therapy was significantly 
higher than that in the non-post-transplantation group 
(65.5% vs. 23.5%, P < 0.001). No significant difference 
was reported in other characteristics between patients 
treated with and without post-transplantation therapy. A 
summary is shown in Table 1.

Survival time

The median follow-up period for survival was 50.0 months 
(6.1–121.9  months). The median PFS and OS were 
48.6 months and not reached; the 4-year PFS and OS rates 
were 50.1 and 83.3%, respectively. The 4-year PFS rate in the 
post-transplantation therapy group was significantly higher 

Table 1  Patient characteristics

ASCT autologous stem cell transplantation, ISS international staging system, VRd bortezomib, lenalido-
mide plus dexamethasone, CR complete response

Post-transplantation 
therapy group (n = 58)

Non-post-transplantation 
therapy group (n = 21)

P-value

Age
  > 65 year 25 7 0.605
  ≤ 65 year 33 14

Sex
 Male 30 8 0.318
 Female 28 13

Monoclonal protein type
 IgG 29 11 0.999
 Non-IgG 29 10

Free light chain
 Kappa 36 14 0.796
 Lambda 22 7

ISS stage
 1 or 2 39 16 0.763
 3 14 4

High-risk cytogenetic abnormality
 Yes 21 2 0.278
 No 23 6

Induction therapy
 VRd 38 4  < 0.001
 Non-VRd 20 17

Tandem ASCT
 Yes 37 0  < 0.001
 No 21 21

CR after induction therapy
 Yes 10 3 0.999
 No 48 18

CR after ASCT1
 Yes 23 5 0.287
 No 35 16
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than that in the non-post-transplantation therapy group 
(60.6 and 28.6%, respectively; hazard ratio (HR) 0.455, 95% 
confidence interval (CI) 0.243–0.855, P = 0.012; Fig. 1a), 
although there was no significant difference in the 4-year OS 
rates between patients with and without post-transplantation 
therapy (84.6% and 80.7%, respectively; HR 0.941, 95% CI 
0.361–2.455, P = 0.901; Fig. 1b). In univariate analysis, CR 
after the first ASCT tended to predict extended PFS in addi-
tion to post-transplantation therapy (P = 0.064). Other fac-
tors did not predict PFS. In multivariate analysis, post-trans-
plantation therapy significantly predicted an extended PFS, 
and the HR of PFS for post-transplantation therapy and CR 
after ASCT were 0.458 (95% CI, 0.244–0.866, P = 0.015). 
A summary of univariate and multivariate analyses of PFS 
is presented in Table 2.

Additionally, we analyzed the clinical significance of 
post-transplantation therapy after matched-pair analysis 
using the VRd regimen as induction therapy. The signifi-
cant difference in patient characteristics between these 
two groups was not observed after matched-pair analysis 
(Supplementary Table 1). The 4-year PFS rate in the post-
transplantation therapy group was significantly higher than 
that in the non-post-transplantation therapy group after 
matched-pair analysis (60.3% and 28.6%, respectively; HR 
0.436, 95% CI 0.203–0.936, P = 0.029).

Next, we analyzed the clinical impact of tandem ASCT 
followed by consolidation and/or maintenance therapy (tan-
dem ASCT plus CONS/MT) because the PFS in the tan-
dem ASCT plus CONS/MT group was significantly longer 

than that in not only the non-post-transplantation therapy 
group but also the single ASCT followed by CONS/MT 
and tandem ASCT without CONS/MT groups (P = 0.005 
and 0.031). The frequencies of age over 65 years and VRd 
regimen as induction therapy in the tandem ASCT plus 
CONS/MT group were significantly higher than those in the 
non-tandem ASCT plus CONS/MT group (P = 0.006 and 
0.011, respectively). Furthermore, the 4-year PFS rate in 
the tandem ASCT plus CONS/MT group was significantly 
longer than that in the non-tandem ASCT plus CONS/MT 
group (73.7% vs 34.0%, respectively; HR 0.567, 95% CI 
0.391–0.824, P = 0.002, Fig. S1a). Moreover, the 4-year OS 
rate in the tandem ASCT plus CONS/MT group tended to 
be longer than that in the non-tandem ASCT plus CONS/
MT group (97.0% vs 73.7%, HR 0.559, 95% CI 0.299–1.048, 
P = 0.056, Fig. S1b). After matched-pair analysis using age 
over 65 years and VRd regimen as induction therapy, the 
4-year PFS rate in the tandem ASCT plus CONS/MT group 
was significantly longer than that in the non-tandem ASCT 
plus CONS/MT group (73.7% vs 44.8%, respectively; HR 
0.629, 95% CI 0.420–0.940, P = 0.019). Additionally, the 
4-year OS rate in the tandem ASCT plus CONS/MT group 
tended to be longer than that in the non-tandem ASCT plus 
CONS/MT group as well (97.0% vs 71.5%, respectively; HR 
0.565, 95% CI 0.293–1.090, P = 0.073).

Finally, we analyzed the clinical impact of tandem 
ASCT followed by consolidation and/ or maintenance 
therapy in patients who achieved CR after the first and 
second ASCT. The 4-year PFS rate in the patients who 

Fig. 1  Progression-free survival and overall survival. a The median 
follow-up period for survival was 50.0  months (6.1–121.9  months). 
The 4-year PFS rate in the post-transplantation therapy group was 
significantly higher than those in the non-post-transplantation 

therapy group (60.6% and 28.6%; HR 0.455, 95% CI, 0.243–0.855, 
P = 0.012). b There was no significant difference in the 4-year OS 
rates between patients with and without post-transplantation therapy 
(87.6% and 80.7%; HR 0.941, 95% CI, 0.361–2.455, P = 0.901)
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achieved CR after the first ASCT and received tandem 
ASCT plus CONS/MT was significantly higher than that 
of those in another group (66.7% vs 46.4%, respectively; 
P = 0.046), while there was no significant difference of 
4-year OS between these two groups (100% vs 81.0%, 
respectively; P = 0.158). However, tandem ASCT plus 
CONS/MT improved not only PFS, but also OS in patients 
who achieved CR after the second ASCT; the 4-year PFS 
and OS rates in those who achieved CR after the second 
ASCT and received tandem ASCT plus CONS/MT was 
significantly higher than that in another group (76.7% 
vs 40.0%, respectively; HR 0.510, 95% CI 0.303–0.858, 
P = 0006, Fig. S2a, and 100% vs 77.0%, HR not evaluated, 
P = 0.019, Fig. S2b, respectively).

Treatment response, including MRD status 
by post‑transplantation therapy

Post-ASCT treatment responses were: CR, 39 patients; 
VGPR, 17; and partial response (PR), 23. Tandem ASCT 
improved the CR rate from 39.7 to 60.3% in the post-
transplantation therapy group, and the CR rate after tan-
dem ASCT in the post-transplantation therapy group was 
significantly higher than that after the first ASCT in the 
non-post-transplantation therapy group (60.3% and 23.8%, 
P = 0.005). For the best response, the CR rate in the post-
transplantation therapy group was significantly higher than 
that of the non-post-transplantation therapy group (77.6% vs. 
23.2%, respectively; P < 0.001). Additionally, the CR rate in 

Table 2  Progression-free 
survival

PFS progression-free survival, HR hazard ratio, ASCT autologous stem cell transplantation, ISS interna-
tional staging system, VRd bortezomib, lenalidomide plus dexamethasone, CR complete response, CI confi-
dential interval, NE not evaluated

Univariate Multivariate

Median 
(months)

4-year PFS P-value HR 95% CI P-value

Post-transplantation therapy
 Yes 63.2 60.6% 0.012 0.458 0.244–0.860 0.015
 No 30.6 28.6% reference

Age
  > 65 year 56.5 62.1% 0.420
  ≤ 65 year 41.8 41.6%

Sex
 Male 48.6 51.9% 0.849
 Female 43.0 48.5%

Monoclonal protein
 IgG 54.3 57.9% 0.599
 Non-IgG 43.0 43.0%

Free light chain
 Kappa 41.8 45.70% 0.892
 Lambda 48.6 59.70%

ISS stage
 1,2 43 54.3% 0.423
 3 56.5 34.5%

High-risk cytogenetic abnormality
 Yes 48.6 60.2% 0.402
 No 30.8 49.5%

Induction therapy
 VRd 48.6 60.3% 0.707
 Non-VRd 43.0 44.8%

CR after induction therapy
 Yes 43.0 41.0% 0.302
 No 56.5 52.6%

CR after ASCT
 Yes 54.3 60.1% 0.064 0.506 0.240–1.064 0.072
 No 31.5 44.6% reference
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the tandem ASCT plus CONS/MT group was significantly 
higher than that in the non-tandem ASCT plus CONS/MT 
group (78.8% vs 52.2%, P = 0.019).

The MRD status was analyzed at least once in 38 patients 
and multiple times in 25 patients (twice, 7; 3 times, 12; 4 
and 5 times, 3 each). The number of patients whose MRD 
assessment was done at least in the post-transplantation 
therapy and non-post-transplantation therapy groups was 34 
and 4, respectively. The MRD-negative rate after ASCT and 
the best response rate in all patients were 26.6 and 38.0%, 
respectively. The MRD-negative rate was 81.6% in patients 
who achieved CR and underwent MRD assessments after 
ASCT. Furthermore, the MRD-negative rate in the post-
transplantation therapy group was significantly higher than 
that of the non-post-transplantation therapy group as the best 
response (53.4% vs. 9.7%, respectively; P < 0.001). Addi-
tionally, the MRD-negativity and sustained MRD-negativity 
rates in the tandem ASCT plus CONS/MT group were sig-
nificantly higher than those in the non-tandem ASCT plus 
CONS/MT group as well (60.6% vs 28.3%, P = 0.006; and 
42.4% vs 19.6%, P = 0.044, respectively). The treatment 

responses following induction therapy, after the first ASCT, 
post-tandem ASCT, as well as the best response, are 
depicted in Fig. 2. Furthermore, the alteration in treatment 
response, including MRD status, between patients with and 
without post-transplantation therapies is presented in Fig. 3.

The MRD status as the best response predicted PFS and 
OS; the 4-year PFS and OS rates between the patients with 
MRD-negativity and MRD-positivity, including the patients 
without MRD assessment, were 84.3 and 34.7% (P < 0.001; 
Fig. 4a) and 96.8 and 76.2% (P = 0.050; Fig. 4b), respec-
tively. The sustained MRD-negativity predicted a PFS and 
OS; the 4-year PFS and OS rates between the patients with 
sustained MRD-negativity and other groups were 93.8% 
and 36.3% (P < 0.001; Fig. 4c), and 100.0% and 77.2% 
(P = 0.014; Fig. 4d), respectively.

Discontinuation of consolidation and maintenance 
therapy

Thirty patients discontinued consolidation and main-
tenance therapy. The causes for discontinuation of 

Fig. 2  Change of treatment response between the patients with and 
without post-transplantation therapy. The treatment response was 
improved by post-transplantation therapy in the post-transplantation 
therapy group although the treatment response was not changed in 
the post-transplantation therapy group. The CR rate after the second 
ASCT in the post-transplantation therapy group was significantly 
higher than those after the first ASCT in the non-post-transplanta-
tion therapy group (60.3% vs 23.8%, P = 0.005). The CR rate as best 
response in the post-transplantation therapy group was significantly 
higher than those in the non-post-transplantation therapy group 

(77.6% vs 23.8%, P < 0.001). The MRD-negative rate in the post-
transplantation therapy group was significantly higher than that of 
the non-post-transplantation therapy group as best response (53.4% 
vs. 9.7%, P < 0.001). a Treatment response in the post-transplantation 
therapy group. b Non-post-transplantation therapy group. ASCT1 
the first autologous stem cell transplantation, ASCT2 the second 
autologous stem cell transplantation, MRD minimal residual disease, 
CR complete response, VGPR very good partial response, PR par-
tial response, SD stable disease, PD progressive disease, −ve nega-
tive, + ve positive, w/o without
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consolidation and maintenance therapy were as follows: 
adverse events in 13 patients (skin rash in five; one each 
for secondary myelodysplastic syndrome, pneumonia, 
interstitial pneumonia, sepsis, influenza virus infection, 
renal insufficiency, cytopenia, and rheumatoid arthri-
tis); progressive disease in 10; planned discontinuation 
in 6; and one due to economic issues. Importantly, the 
4-month, 1-year, 2-year, and 4-year cumulative incidence 
rates of discontinuation of consolidation and maintenance 
therapy due to adverse events were 13.3, 15.7, 28.9, and 
33.3%, respectively (Fig. S3). Early onset adverse events, 
defined as those occurring within 4 months of initiation 
of consolidation and maintenance therapy, included three 
instances of skin rash during IRd consolidation therapy 
and one instance each of skin rash, interstitial pneumonia, 
and renal insufficiency during LEN maintenance therapy. 
Late-onset adverse events numbered six; one during IXA 
maintenance therapy and five during LEN maintenance 
therapy. Three patients succumbed during consolidation 
and maintenance therapy due to sepsis, influenza virus 
infection, and secondary myelodysplastic syndrome.

Discussion

We demonstrated that the patients treated with post-trans-
plantation therapy demonstrated significantly higher PFS 
than did those without such therapy, even after harmoniz-
ing patient characteristics through matched-pair analysis 
for the VRd regimen as induction therapy. Furthermore, 
tandem ASCT plus CONS/MT significantly improved 
PFS and tended to extend OS, particularly in patients who 
achieved CR after the second ASCT. MRD-negativity was 
observed in 81.6% of those who achieved CR, and the 
incidence of loss of MRD-negativity and PD stood at 5.5% 
during post-ASCT treatment. Thus, post-transplantation 
therapy facilitated the achievement and maintenance of 
MRD-negativity, which predicted prolonged PFS and OS. 
Importantly, the cumulative incidence of discontinuation 
due to adverse events was comparatively high in clinical 
practice relative to clinical trials, and such occurrences 
were frequently observed within the first 4 months.

The registry analyses revealed that a planned post-
transplantation therapy prolonged the PFS and OS [9, 10, 

Fig. 3  Change of MRD status after ASCT. MRD status was analyzed 
at least once in 38 patients and multiple times in 25 patients among 
them; 9 of twice, 12 of three times, 3 of four times, and 3 of five 
times, respectively. The number of patients, who MRD assessment 
was done at least, in the post-transplantation therapy and non- post-
transplantation therapy groups were 34 and 4, respectively. White 

round,. black round, black triangle, and cross signs show MRD-neg-
ativity, MRD-positivity, progressive disease and death, respectively. 
MRD minimal residual disease, ASCT autologous stem cell trans-
plantation, CR complete response, VGPR very good partial response, 
PR partial response, PD progressive disease, post-Tx post-transplan-
tation therapy, TFI treatment-free interval
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30]. The median PFS was 3.0–3.4 years when the per-
centage of patients treated with VRd induction therapy 
was 9.0–39.0% [9, 10]. In the STaMINA trial in which 
approximately 60% of participants received VRd induction 
therapy followed by ASCT and LEN maintenance therapy, 
the 38-month PFS rates among the single ASCT, single 
ASCT plus VRd consolidation therapy, and tandem ASCT 
groups were 53.9, 57.8, and 58.5%, respectively [16] In the 
IFM2009 trial, which investigated a 1-year fixed duration 
of LEN maintenance therapy, and the DETERMINATION 
trial, which evaluated continuous LEN maintenance ther-
apy, the median PFS in the ASCT group was 50 months 
and 67.5 months, respectively, among patients treated 
with VRd induction therapy [5, 6]. In this study, post-
transplantation therapy also enhanced the PFS, yielding 
a 4-year post-transplant PFS rate of 64.9%. This rate may 

be marginally higher than the outcomes of prior studies, 
likely due to a greater proportion of patients receiving 
VRd induction and long-term post-transplantation therapy. 
Furthermore, evidence is limited regarding post-transplan-
tation therapy after tandem ASCT. In this study, tandem 
ASCT plus CONS/MT could improve PFS compared with 
single ASCT followed by CONS/MT and tandem without 
CONS/MT, similar to the results of the EMN02/HO95 trial 
[4]. Therefore, post-transplantation therapy can improve 
clinical outcomes, and consolidation and/or maintenance 
therapy remains the standard of care for transplantation-
eligible NDMM patients, even if the patients received 
tandem ASCT.

Here, post-transplantation therapy improved PFS even 
in the patients who achieved CR after ASCT; notably, tan-
dem ASCT followed by CONS/MT improved PFS and OS 

Fig. 4  Clinical impact of MRD-negativity and sustained MRD-
negativity for survival time. a The 4-year PFS rates between the 
patients with MRD-negativity and non-MRD-negativity groups, 
including the patients without MRD assessment, were 84.3% and 
34.7% (P < 0.001). b The 4-year OS rates between the patients with 
MRD-negativity and non-MRD-negativity groups were 96.8% and 
76.2% (P = 0.050). c The 4-year PFS rates between the patients with 

sustained MRD-negativity group and another were 93.8% and 36.3% 
(P < 0.001). d The 4-year OS rates between the patients with sus-
tained MRD-negativity group and another were 100.0% and 77.2% 
(P = 0.014). PFS progression free survival, OS overall survival, MRD 
minimal residual disease, sus-MRD sustained MRD, −ve negativ-
ity, + ve positivity
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in the patients who achieved CR after the second ASCT. 
According to previous large-scale clinical trials for post-
transplantation therapy, the clinical impact of post-transplan-
tation therapy for the patients who achieved CR after ASCT 
was various. In a meta-analysis and the MRC Myeloma-XI 
trial, LEN maintenance therapy improved PFS but did not 
improve OS significantly [7, 31]. In the TOURMALINE-
MM3 trial, IXA maintenance improved PFS for patients 
achieving VGPR after ASCT but did not statistically dem-
onstrate a significant PFS improvement for those with CR 
after ASCT [8]. However, deepening treatment response 
was associated with prolonged PFS in the same trial [32]. 
Data on the significance of consolidation therapy are lim-
ited. The EMN02/HO95 and prospective Nordic Myeloma 
Study Group trials indicated prolonged PFS with consolida-
tion therapy, and the benefit was notably observed in patients 
without CR prior to consolidation therapy [33, 34]. Thus, 
post-transplantation therapy could potentially enhance clini-
cal outcomes in patients lacking CR after ASCT through 
deepening response. Importantly, CR as the best response 
emerged as a significant prognostic factor for both OS and 
PFS, irrespective of post-transplantation regimens, accord-
ing to the Mayo Clinic dataset [35]. This suggests that the 
best response, rather than treatment response post-ASCT, 
serves as a key surrogate marker for extended PFS. Tan-
dem ASCT significantly improved PFS; yet, its impact on 
OS remains uncertain [16–19]. Developed before the novel 
agent era, tandem ASCT improved not just PFS, but also 
OS [17]; however, a meta-analysis showed that it did not 
enhance OS [18]. In contrast, the HOVON-65/GMMG-HD4 
trial indicated that tandem ASCT improved OS, compared 
with single ASCT, when either bortezomib or thalidomide 
maintenance therapy was administered [19]. Evidence con-
cerning the clinical significance of tandem ASCT in the 
novel agent era, particularly focusing on OS, is limited. We 
posit that our findings may bolster the potential role of tan-
dem ASCT followed by CONS/MT in this novel agent era.

According to a meta-analysis, MRD-negativity has been 
reported to predict the long PFS and OS even in CR patients 
[20]. In this study, tandem ASCT followed by CONS/MT 
improved OS in the patients who achieved CR after the sec-
ond ASCT, suggesting that this intensive treatment strategy 
might contribute to deepening treatment response of MRD 
status even in CR patients. Notably, maintenance therapy 
contributes to sustaining MRD negativity even in patients 
with MRD negativity after ASCT [21]. According to the 
MRC Myeloma XI trial, changes in MRD status were rarely 
observed after ASCT and LEN maintenance therapy, con-
tributing to conversion from MRD-positivity to negativity 
[23]. In this study, patients whose MRD status changed from 
positivity to negativity during post-transplantation therapy 
were not identified, suggesting that post-transplantation 
therapy might not be enough to eradicate minimal residual 

myeloma diseases, although a majority of patients whose 
MRD status was negative by the first MRD assessment 
achieved sustained MRD-negativity during post-transplan-
tation therapy. Furthermore, none of the patients suddenly 
relapsed without conversion of the MRD status to positivity, 
and two patients who tested positive for MRD by the first 
MRD assessment and had PD during post-transplant therapy 
were able to quickly achieve MRD-negativity again with the 
administration of daratumumab. These results suggest that 
post-transplant therapy does not result in aggressive relapse 
and that selecting a new class of drugs not previously used 
is important after relapse. Finally, consolidation therapy 
improved PFS in patients with MRD-positive status as deter-
mined by NGS and PET/CT, compared to MRD double-
negative patients without consolidation therapy [36]. Addi-
tionally, intensified therapy enhanced PFS in MRD-positive 
patients while discontinuing therapy did not adversely affect 
PFS in MRD-negative patients, according to real-world data 
[25]. These findings suggest that achieving MRD-negativity 
may be crucial for sustained deep response prior to main-
tenance therapy. Therefore, in clinical practice, we plan to 
administer consolidation therapy to MRD-positive patients 
post-ASCT and to forgo consolidation therapy for MRD-
negative patients after ASCT.

The incidence of discontinuation due to adverse events 
might be relatively high compared to that in previous 
reports, although those data were various; specifically, 
during LEN monotherapy after ASCT, it was 8.0–29.7% 
[5, 7, 31, 37, 38]. In the IFM2009 trial, including 1-year 
fixed duration LEN maintenance therapy, the incidence 
of discontinuation due to adverse events was 11% from 
induction to maintenance therapy [5], suggesting that 
short-interval LEN maintenance therapy might reduce 
the incidence of discontinuation due to adverse events. 
Meanwhile, the incidence of discontinuation due to 
adverse events during PI-containing post-transplantation 
therapy was 7–14% [8, 21, 39]. Moreover, in TOURMA-
LINE-MM3 and 4 trials, the initial dose of IXA was 3 mg, 
considering the clinical and model-based analysis for 
relapsed and/or refractory myeloma [40]. Meanwhile, in 
the IFM2013-06 trial, when the initial dose of IXA as con-
solidation therapy was 4 mg, the incidence of grade 3 to 4 
adverse events during IRd consolidation therapy was high 
compared to that during IRd induction therapy [39]. In 
this trial, discontinuation due to adverse events occurred 
within 4 months frequently compared with 4 months or 
later. Thus, adverse events during post-transplantation 
therapy could be more frequent and severe compared to 
pre-transplantation therapy; dose adjustment of therapeu-
tics in the post-transplantation phase may depend not only 
on adverse events, but also on the initial administration 
dose, particularly for patients treated with PI-containing 
post-transplantation therapy.
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The study has few limitations. First, MRD measure-
ments were not always performed regularly, and the inter-
val of regular MRD measurements was once a year, which 
might not be adequate to assess MRD in detail. Second, 
the follow-up time might not be long enough to investigate 
the clinical impact of MRD-negativity for PFS and OS. 
We will continue to follow these datasets to understand 
them well. Finally, this was a two-center, retrospective 
study with a small number of cases. We plan to accumulate 
more cases and continue to study the usefulness of post-
transplantation therapy and changes in MRD status.

In conclusion, post-transplantation therapy could 
improve PFS even in the patients who achieved CR after 
the first ASCT and contribute to sustained MRD negativ-
ity, similar to previous reports. Tandem ASCT followed 
by CONS/MT improved both OFS and OS in patients who 
achieved CR after the second ASCT. Moreover, MRD neg-
ativity is key to improving clinical outcomes, and the con-
version of MRD status during post-transplantation therapy 
was rare but sometimes observed during treatment-free 
intervals, even if MRD negativity was achieved. Finally, 
the optimal dose adjustment of therapeutics as post-trans-
plantation therapy can prevent discontinuation of post-
transplantation therapy. Thus, post-transplantation therapy 
is the standard of care for myeloma patients receiving PI 
and/or immunomodulator induction therapy. However, 
this was a small-scale retrospective study, and the patient 
characteristics that indicated discontinuation of post-
transplantation therapy remained unclear. The results of a 
prospective study on MRD-conducted post-transplantation 
therapy are essential to resolve this clinical question.
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