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Abstract 

Background

Autologous stem cell transplantation remains a cornerstone of treatment for patients 

with transplant-eligible multiple myeloma (MM). Previous studies using gene expres-

sion profiling (GEP) have classified MM into seven molecular subgroups: HY, CD-1, 

CD-2, LB, PR, MS, and MF. Together with GEP signature, it can help identify patients 

with better or worse outcomes. In this study, we wanted to study how these molecular 

subtypes, along with cytogenetics, FISH results, and different treatment regimens, 

relate to the count of CD34 + hematopoietic progenitor cells (HPC) collected during 

stem cell mobilization.

Methods

We conducted a retrospective study of 505 MM patients who underwent hemato-

poietic progenitor cell (HPC) collection between January 2017 and December 2020. 

Demographic, molecular (FISH, cytogenetics, GEP), clinical, treatment, and mobi-

lization regimen data were collected and analyzed to determine factors influencing 

CD34 + HPC yield.

Results

Factors associated with reduced CD34 + HPC collection included PR and MF GEP 

subtypes, deletion 13 (−13), and high-risk genetic classification. In contrast, normal 

versus abnormal karyotype, hyperdiploid versus hypodiploid karyotype, and the use 
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of either proteasome inhibitors in combination with heterogeneous chemotherapy 

regimens did not significantly impact CD34 + HPC yield.

1.  Introduction

Multiple myeloma (MM) is a plasma cell neoplasm arising from a clonal expansion of 
plasma cells in the bone marrow. It is usually associated with considerable morbidity 
and mortality [1]. The clinical presentation is heterogenous, as it may include bone 
disease, renal dysfunction, anemia, and hypercalcemia. These manifestations largely 
reflect bone marrow infiltration and monoclonal production of proteins [2]. Advances 
in MM biology research have significantly improved treatment options. High-dose 
chemotherapy followed by autologous stem cell transplantation (ASCT) has remained 
an important arm of treatment for most patients [3]. ASCT is associated with sig-
nificant improvements in both progression-free and overall survival in patients with 
newly diagnosed multiple myeloma (NDMM) [4]. However, successful autologous 
stem cell transplantation depends on the ability to mobilize and collect an adequate 
number of CD34 + HPC hematopoietic progenitor cells (HPCs).

Higher CD34 + HPC doses at the time of transplant have generally been associ-
ated with more rapid hematologic recovery and fewer early complications following 
transplantation [4]. On the other hand, stem cell mobilization is not uniform among all 
patients. A proportion of them have limitations in achieving adequate collections.

This variability suggests that there are some factors related to the patient or spe-
cific to the disease that may affect CD34 + HPC yield, for example internal genetic 
anomalies within the bone marrow microenvironment, underscoring the necessity for 
further research [4].

Cytogenetic evaluation using conventional karyotyping and fluorescence in situ 
hybridization (FISH) remains central to risk stratification in MM [5]. Specific abnormal-
ities such as t(4;14), t(14;16), and del(17p) are well-established markers of high-risk 
disease and are generally associated with worse outcomes [5]. However, the effect 
of these genetic features on stem cell mobilization and collection is less clear, and 
existing data have been inconsistent.

This uncertainty persists despite the incorporation of agents, e.g., bortezomib and 
carfilzomib, which have markedly improved clinical outcomes in multiple myeloma. 
However, their impact on mobilization outcome, including patients with high-risk cyto-
genetics, is still not well studied [5].

In this study, we examined the correlation between molecular genetic abnormal-
ities and CD34 + HPC collection in patients with MM. We also assessed the effect 
of different induction regimens on CD34 + HPC yield prior to ASCT. This study delin-
eates the treatment of multiple myeloma from 2017 to 2020, prior to the widespread 
adoption of anti-CD38–based quadruplet regimens. Since then, new standards of 
care, such as using daratumumab-based combinations as the first line of treatment, 
have had a huge effect on how treatments are done and how effective they are 
[4,6]. As a result, our findings can be utilized to compare HPC collection outcomes 
across historical treatment frameworks and more advanced treatment options. To 
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our knowledge our work is the first large-scale analysis (including 505 patients) linking CD34 + HPC collection yield with 
molecular subtypes (GEP) and detailed cytogenetic abnormalities simultaneously.

2.  Methods

We conducted a retrospective study of patients newly diagnosed with multiple myeloma who underwent hematopoi-
etic progenitor cell (HPC) collection at a specialized myeloma center at University of Arkansas for Medical sciences 
between January 2017 and December 2020. A total of 505 patients were included. Data collected included demo-
graphics, relevant laboratory data, flow cytometry findings, and molecular studies, including FISH, conventional 
cytogenetics, and gene expression profiling (GEP). Additional data included the mobilization protocols used for stem 
cell collection.

The study was approved by the Institutional Review Board of the University of Arkansas for Medical Sciences (IRB 
approval number 261521; dated August 31, 2020). All analyses were performed in accordance with the principles of the 
Declaration of Helsinki. No identifiable patient information was used, and study findings did not influence clinical care or 
treatment decisions.

2.1.  Study population

This study included all patients who underwent HPC apheresis collection at The University of Arkansas for Medical Sci-
ences between 2017 and 2020. Patient characteristics are shown in Table 1. Eligible participants were 18 years of age or 
older, with a total of 505 patients meeting the inclusion criteria (209 females and 296 males). The mean age was 61 years 
(range: 20–80 years); 232 patients had GEP data, 475 had karyotype data, 505 had ploidy assessed by flow cytometry 
and 295 had FISH data available (Table 2). Patients classified as genetic high-risk had at least one of the following genetic 
abnormalities: del(17), t(14;16), t(14;20), or t(4;14), or had a GEP subtype of PR, MF, or MS [7].

2.2.  Statistical analysis

Due to large sample size (n = 505) and approximate normality of residuals in regression models, multiple parametric tests 
were attempted. The patients’ cohort was grouped based on the collection yield (number of CD34 + HPC cells collected). 
A t-test was used to assess whether genetic high-risk patients collected fewer CD34 + HPC count compared to other 
patients. Univariate and multivariate linear regression analyses were conducted to evaluate the association between col-
lection yield and other variables, including molecular subtypes. Because CD34 + HPC yields demonstrated a right-skewed 
distribution with substantial interindividual variability, quantile regression was additionally performed to evaluate the 
association between induction regimen and CD34 + HPC yield across clinically relevant points of the outcome distribution. 
Quantile regression analyses were conducted using SPSS Quantile Regression procedures, with prespecified quantiles 
at the 25th, 50th (median), 75th, and 90th percentiles to address non-normal distribution of CD34 + yields. Statistical analy-
ses included t-tests and ANOVA. Given the exploratory nature of subgroup analyses, formal correction was not applied. 
Results are reported as regression coefficients (β) with 95% confidence intervals (CIs) and two-sided p-values. A p-value 
<0.05 was considered statistically significant. All analyses were performed using IBM SPSS Statistics, version 23 (IBM 
Corp., Armonk, NY, USA).

3.  Mobilization protocols

HPC were collected after mobilization using one of two protocols: (1) with chemotherapy (multiple regimens) plus granu-
locyte colony-stimulating growth factor (G-CSF) at 5–8 μg/kg twice a day with plerixafor added if needed to achieve the 
collection goal (dosed subcutaneously at 240 μg/kg when the estimated glomerular filtration rate exceeded 50 mg/min 
per 1.73 m2 (cap, 40 000 μg) and 160 μg/kg (cap 27 000 μg) in case of lower glomerular filtration rate; or (2) with growth 
factors alone (G-CSF + /- plerixafor as above). Collection was started when the minimum predicted collection based on 



PLOS One | https://doi.org/10.1371/journal.pone.0349212  May 12, 2026 4 / 13

peripheral blood CD34 + HPC count was at least 1 x 106 CD34 + HPC cells/kg, a previously validated predictive formula 
was used to guide the collection process [8].

	
Predicted CD34 + HPC yield (cells/kg) per liter processed blood∗ =

(peripheral blood CD34 cells/L) (30%†)
body weight in kg 	

Table 1.  Patients characteristics (n = 505).

Characteristics Total = 505

Sex Male 296 (58.6%)

Female 209 (41.4%)

Age (years) Median (IQR) 63 (14)

Race White 386 (76.4%)

Black or African American 99 (19.6%)

Asian 5 (1.0%)

American Indian or Alaskan Native 1 (0.2%)

Native Hawaiian or Other Pacific Islander 1 (0.2%)

Other 12 (2.4%)

Unknown 1 (0.2%)

Ethnicity Hispanic 11 (2.2%)

Non-Hispanic 494 (97.8%)

Patient Karyotype Normal 271 (53.7%)

Abnormal 204 (40.4%)

Unknown 30 (5.9%)

Chromosomal ploidy Hyperdiploid 49 (9.7%)

Hypodiploid 86 (17.0%)

Normal 370 (73.3%)

GEP cluster PR 30 (5.9%)

MF 18 (3.6%)

MS 23 (4.6%)

HY 83 (16.4%)

LB 22 (4.4%)

CD-1 16 (3.2%)

CD-2 40 (7.9%)

Unknown 273 (54.1%)

https://doi.org/10.1371/journal.pone.0349212.t001

Table 2.  Distribution of patients by CD34 + HPC yield and availability of molecular, karyotype, and FISH data.

CD34 + HPC Yield per kg Range 
(x106/kg)

Total Count of Patients Count of Patients with GEP Count of Patients with 
Karyotype

Count of Patients 
with FISH

0-5 24 7 22 10

>5-10 36 13 31 19

>10-20 113 47 105 67

>20 332 165 317 199

Total 505 232 475 295

https://doi.org/10.1371/journal.pone.0349212.t002
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Peripheral blood CD34 + HPC cells (cells/L): measured pre-apheresis
†CE (collection efficiency): assumed to be 0.30 (30%) based on COBE® Spectra performance
*Multiply value by number of liters processed to calculate number of CD34 cells/kg collected
Body weight (kg): donor body weight
The collection goal was 20 x 106 CD34 + HPC cell/kg for all patients, with at least 2 days of collection required by 

protocol. Collection was performed using a Spectra Optia as previously described [9].

4.  Results

The study initially analyzed the distribution of MM patients in four different CD34 + HPC collection yield groups. The major-
ity of patients (66%, 332 of 505) fell into the highest yield group (>20 CD34 + HPC cells x 106/kg). In contrast, the lowest 
collection yield group (0–5 CD34 + HPC cells x 106/kg) represented 4% (22 of 505) of the patients (Table 2).

4.1.  Treatment regimens

Patients were grouped into those who received standard chemotherapy, including either Bortezomib or Carfilzomib, and patients 
who received both (received both agents during treatment (not necessarily concurrently)). (Table 3). The comparison between 
Bortezomib-based regimen and Carfilzomib-based regimen groups showed no statistically significant difference in CD34 + HPC 
yields. The mean first collection yield was 16.5 ± 16.2 in the Carfilzomib group and 15.3 ± 11.1 in the Bortezomib group (p = 0.708). 
Similarly, the final CD34 + HPC yield was 29.9 ± 17.9 for Carfilzomib group and 27.0 ± 14.1 for Bortezomib group (p = 0.526).

In multivariable linear regression adjusted for age and sex, induction regimen was not independently associated with 
CD34 + HPC yield (S1 Table). Compared with bortezomib-based induction, carfilzomib-based induction was associated 
with a non-significant adjusted mean difference of +0.38 × 10⁶ CD34 + HPC cells/kg for first collection (95% CI, −3.13 to 
3.90; p = 0.83) and +1.83 × 10⁶ cells/kg for the final collection (95% CI, −2.47 to 6.12; p = 0.40).

Quantile regression analyses were additionally conducted to assess regimen effects across the distribution of collection 
outcomes. At the median (50th percentile), carfilzomib-based induction was not associated with a significant difference 
in first or final CD34 + HPC collection yields, with p-values of 0.32 and 0.63, respectively. Similarly, no significant associ-
ations were observed at higher quantiles, including the 75th and 90th percentiles, which correspond to clinically relevant 
higher collection targets (S1 Table).

At the lower end of the distribution, however, a statistically significant difference was observed at the 25th percentile for 
first collection yield, where carfilzomib-based induction was associated with a reduced CD34 + HPC yield compared with 
bortezomib-based therapy (β = −2.94 × 10⁶/kg; 95% CI −5.73 to −0.15; p = 0.040). This finding was not observed in the final 
cumulative yield.

4.2.  Cytogenetics

CD34 + HPC cell collection yields were compared according to patient karyotype. There was no significant difference in 
first apheresis yield between patients with abnormal versus normal karyotypes (mean: 14.2 vs. 15.0 × 10⁶/kg; p = 0.46). 
Similarly, the final collection yield did not differ between karyotype groups (26.5 vs. 26.4 × 10⁶/kg; p = 0.98) (Table 4).

Table 3.  Comparison of CD34 + HPC collection yield according to induction regimen.

Regimen N First Collection Yield (×10⁶/kg), Mean ± SD Final Collection Yield (×10⁶/kg), Mean ± SD

Carfilzomib-based 50 16.5 ± 16.2 29.9 ± 17.9

Bortezomib-based 320 15.3 ± 11.1 27.0 ± 14.1

Both 81 14.4 ± 13.3 26.7 ± 15.1

p-value 0.708 0.526

https://doi.org/10.1371/journal.pone.0349212.t003
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Further analysis compared ploidy status (Table 5). Patients with hyperdiploid karyotypes had slightly higher mean first 
collection yields (16.1 × 10⁶/kg) compared with normal (14.7 × 10⁶/kg) and hypodiploid patients (12.7 × 10⁶/kg). However, 
this difference was not statistically significant (p = 0.27). Final cumulative CD34 + HPC yields were similarly higher in hyper-
diploid patients (28.0 × 10⁶/kg) versus normal (26.5 × 10⁶/kg) and hypodiploid patients (25.0 × 10⁶/kg), without reaching 
statistical significance as well (p = 0.22).

4.3.  GEP Subtypes

Final CD34 + HPC yields were compared across multiple myeloma GEP subtypes (Fig 1). Median yields were broadly sim-
ilar across LB, MS, HY, and CD-1 subtypes, whereas MF and PR subtypes tended toward lower mobilization. An ANOVA 
analysis was performed to determine the statistical significance of collection yield among patients with different GEP sub-
types. A p-value of 0.06, nearing significance, was detected for at least one GEP subtype.

A two-sample t-test was performed to compare the CD34 + HPC collection yield of patients with the PR subtype 
against all other patients (Table 6). PR patients had a significantly lower final CD34 + HPC collection yield, with a mean 
of 19.2 × 10⁶ CD34 + HPC cells/kg compared with 28.0 × 10⁶ CD34 + HPC cells/kg in non-PR patients (p < 0.001). Anal-
ysis of the first collection yields also showed a significantly lower count in PR patients, with a mean yield of 10.2 × 10⁶ 
CD34 + HPC cells/kg versus 15.6 × 10⁶ CD34 + HPC cells/kg in non-PR patients (p = 0.007). A separate t-test comparing 
patients with the MF subtype to all non-MF patients demonstrated a similar result (Table 6). MF patients had a signifi-
cantly lower final CD34 + HPC yield (23.9 × 10⁶/kg vs. 28.4 × 10⁶/kg; p = 0.038). First collection yields were also less in MF 
patients, with a mean of 9.8 × 10⁶ CD34 + HPC cells/kg compared with 16.2 × 10⁶ CD34 + HPC cells/kg in non-MF patients 
(p = 0.001).

4.4.  Fluorescence in Situ Hybridization (FISH) analysis

S2 Table presents the effect of common chromosomal abnormalities identified by FISH on CD34 + HPC yield. Patients 
with deletion of chromosome 13 (−13) had a significantly lower final CD34 + HPC yield compared with those without the 
deletion (mean 23.98 × 10⁶/kg vs. 28.55 × 10⁶/kg; p = 0.02). However, the difference observed on the first collection did not 
meet statistical significance (p = 0.08).

Table 4.  Comparison of CD34 + HPC collection yield between patients with normal and abnormal karyotypes.

Patient Karyotype Count of Patients Mean CD34 + HPC Yield (x 106/kg) p-value

Abnormal (First Collection) 204 14.2 0.46

Normal (First Collection) 271 15.0

Abnormal (Total collection) 204 26.5 0.98

Normal (Total collection) 271 26.4

https://doi.org/10.1371/journal.pone.0349212.t004

Table 5.  Comparison of CD34 + HPC collection yield between hyperdiploid, hypodiploid, and normal karyotypes.

Patient Type N Mean CD34 + HPC Yield – First 
Collection (×10⁶/kg)

Mean CD34 + HPC Yield – Final 
Cumulative (×10⁶/kg)

p-value  
(First Collection)

p-value  
(Final 
Collection)

Hyperdiploid 49 16.1 28.0

Hypodiploid 56 12.7 25.0

Normal 370 14.7 26.5

0.272 0.221

https://doi.org/10.1371/journal.pone.0349212.t005
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In the case of t(14;16)(q32;q23) translocation, patients with this abnormality had significantly lower CD34 + HPC yields 
on the first collection (mean 6.23 × 10⁶/kg vs. 14.43 × 10⁶/kg; p = 0.03). However, total CD34 + HPC yield was similar 
between groups (p = 0.85).

Deletion of chromosome 17 (−17) analysis did not reach statistical significance for either first-day or total yield (p = 0.14 
and p = 0.12, respectively). Although patients with this abnormality demonstrated a consistent trend towards lower 
CD34 + HPC collection, interpretation is limited by the small number of affected patients (n = 9).

Amplification of 1q21 (amp(1q21)) and gain of 14q32 (+14q32) were both associated with significantly reduced total 
CD34 + HPC yields (p = 0.04 and p = 0.004, respectively). However, neither mutation showed a statistically significant differ-
ence in first collection yield.

4.5.  Genetic high-risk patients

A two-sample t-test was performed to evaluate if high-risk patients collected fewer CD34 + HPC count compared to non–
high-risk patients. For the total CD34 + HPC collection yield, high-risk patients had a significantly lower mean yield of 
23.9 × 10⁶ CD34 + HPC cells/kg compared with 27.2 × 10⁶ CD34 + HPC cells/kg in non–high-risk patients (p = 0.029). This 
finding demonstrates a statistically significant reduction in overall HPC collection among high-risk patients (Table 7, Fig 2).

Similarly, analysis of the first collection yields showed that high-risk patients collected significantly fewer CD34 + HPC 
count on the first day of apheresis. The mean collection yield was 12.8 × 10⁶ CD34 + HPC cells/kg for high-risk patients 
versus 15.3 × 10⁶ CD34 + HPC cells/kg for non–high-risk patients (p = 0.04), indicating impaired early mobilization in the 
high-risk group (Table 7).

Fig 1.  Box plot of total CD34 ⁺ cell collection yield across multiple myeloma GEP subtypes.

https://doi.org/10.1371/journal.pone.0349212.g001

Table 6.  Association between GEP subtypes (PR and MF) and CD34 + HPC collection yield.

GEP Subtype Mean CD34 Yield – First Collection – 
(x 106/kg)

p-value (First Collection) Mean CD34 Yield – Final collection – 
(x 106/kg)

p-value  
(Final Collection)

PR 10.2 0.0068 19.2 0.0001

Non-PR 15.6 28.0

MF 9.8 0.001 23.9 0.038

Non-MF 16.2 28.4

https://doi.org/10.1371/journal.pone.0349212.t006
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5.  Discussion

High-dose chemotherapy followed by ASCT has remained a key component of therapy in MM. Many factors influencing 
HPC mobilization have been described, including patient characteristics, prior therapies, and mobilization strategies them-
selves [10–15]. In contrast, the role of underlying genetic factors in stem cell mobilization and variability in hematopoietic 
progenitor cell collection remains poorly defined.

The University of Arkansas for Medical Sciences developed a GEP-based classification system to better understand 
the biological basis of MM, improve risk stratification, and guide treatment decisions [16]. This system identified seven 
molecular subgroups that are characterized by the overexpression of distinct gene sets. These subgroups included CD-1, 
CD-2, MS, MF, PR, LB, and HY. However, this framework has not been shown to predict stem cell collection outcomes. To 
our knowledge, this study is the first large-scale analysis to examine the effect of individual genetic abnormalities on HPC 
collection in patients with MM.

5.1.  Impact of genetic abnormalities on hematopoietic progenitor cell collection

Successful ASCT depends on the ability to collect an adequate number of CD34 + HPC progenitor cells, as higher 
CD34 + HPC yields have been linked to faster recovery, fewer infectious complications, and improved survival after trans-
plant [17,18]. This underscores the fact that understanding factors that limit CD34 + HPC yield is important for transplant 
planning.

Conventional metaphase karyotyping has long been used in MM to detect chromosomal abnormalities [8,19]. 
Despite its limitations, karyotyping remains useful for distinguishing hypodiploid from hyperdiploid disease. In our 
cohort, we did not observe a significant difference in CD34 + HPC collection between patients with normal and those 

Table 7.  Comparison of CD34 + HPC HPC collection yield between high-risk and non–high-risk multiple myeloma patients.

Yield Type Group Mean CD34 Yield (x 106/kg) p-value

Final CD34 + HPC Yield High-Risk Patients 23.9 0.029

Non-High-Risk Patients 27.2

First CD34 + HPC Yield High-Risk Patients 12.8 0.04

Non-High-Risk Patients 15.3

https://doi.org/10.1371/journal.pone.0349212.t007

Fig 2.  Box-and-whisker plot of final CD34 + cell collection yield (×10⁶/kg) comparing high-risk and non–high-risk patients.

https://doi.org/10.1371/journal.pone.0349212.g002
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with abnormal karyotypes (p = 0.98). This finding was of particular interest given the well-established association 
between hypodiploidy and worse clinical outcomes [20]. Our analysis suggests that the worse prognosis associated 
with hypodiploidy is unlikely to be explained by impaired stem cell mobilization alone and may instead reflect other 
disease-related factors.

After the adoption of interphase FISH, cytogenetic evaluation of MM has become more informative [21]. This has led 
to the identification of several high-risk abnormalities associated with inferior survival, including t(4;14), t(14;16), t(14;20), 
and del(17p) [22]. The relationship between cytogenetic risk and stem cell mobilization remains an area of ongoing 
debate. There is relatively limited and sometimes conflicting data available. For example, Basci et al. evaluated mobiliza-
tion outcomes in 150 MM patients and found no significant difference between those with normal cytogenetics and those 
with cytogenetic abnormalities, including high-risk features [23].

Our study examined individual genetic abnormalities rather than grouping them together, allowing for a more detailed 
assessment of their effects. Other studies have reported mixed results regarding the prognostic significance of these 
abnormalities on stem cell yields; Lebel et al. observed inferior progression-free survival among patients with very high 
CD34 + HPC collections (“mega-mobilizers”) and suggested that enhanced mobilization does not necessarily translate 
into improved long-term outcomes [24]. In contrast, additional reports have linked higher CD34 + HPC yields with better 
survival [25]. To better assess how cytogenetic abnormalities influence stem cell collection, we analyzed the sixteen most 
common FISH abnormalities present in our cohort. The majority did not have a significant impact on total CD34 + HPC 
yield, which again highlights the complexity of MM biology, and conveys that other factors, in addition to high-risk cytoge-
netics, may play a role in decreased stem cell mobilization in these patients.

5.2.  Deletion of chromosome 13 and impaired stem cell mobilization

Our analysis confirmed that deletion of chromosome 13 (−13) may affect cumulative mobilization rather than initial col-
lection yield. However, it had the most consistent and clinically relevant association with reduced CD34 + HPC collection, 
supporting its role as a predictor of impaired mobilization.

Previous reports showed worse survival outcomes in patients with this deletion [26,27], however, it is not formally cate-
gorized as a high-risk abnormality. The effect of −13 on stem cell mobilization has not been well studied, thus warranting 
further studies.

5.3.  High-Risk GEP subtypes and reduced CD34 + HPC collection

Patients classified within the MF and PR subtypes had significantly lower CD34 + HPC yields compared with other GEP 
subtypes. These subtypes are recognized as “high-risk” and are associated with inferior treatment response and overall 
survival [16]. To our knowledge, this is the first report of a direct association between MF and PR subtypes and reduced 
stem cell collection. This observation highlights the aggressive biology of these subgroups and suggests that their adverse 
behavior may extend beyond treatment resistance to include effects on stem cell mobilization.

5.4.  Impact of proteasome inhibitor–based induction regimens on stem cell mobilization

During the study period (2017–2020), newly diagnosed MM patients typically received three to four cycles of induction 
therapy prior to stem cell collection. Following collection, patients may proceed directly to ASCT or continue induction ther-
apy with delayed transplantation at first relapse. Multiple randomized clinical trials have shown superior progression-free 
survival, among patients undergoing upfront ASCT compared with those receiving conventional therapy alone [12]. Since 
then, treatment guidelines have changed significantly, especially with the addition of anti-CD38 monoclonal antibodies to 
first line therapy. In modern era, quadruplet induction protocols (e.g., based on daratumumab) are becoming more pop-
ular before ASCT, followed by maintenance therapy, most often using lenalidomide. ASCT remains a standard of care 
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in transplant-eligible patients due to its ability to achieve more durable responses. Therefore, the findings of this study 
should be interpreted within the context of a pre-quadruplet era, reflecting treatment approaches prior to the widespread 
adoption of daratumumab-based frontline regimens [28,29].

Over the past two decades, the outcome in MM has improved substantially with the introduction of new agents, 
including thalidomide, bortezomib, and lenalidomide [12,30]. Bortezomib, lenalidomide, and dexamethasone (collec-
tively known as VRD) were the standard of care for newly diagnosed MM, currently quadruplet induction protocols 
(e.g. Dara-VRD or Isa-VRD) are used [28,29,31,32]. Other protocols of triplet regimens that include proteasome 
inhibitors, such as bortezomib- or carfilzomib- based combinations have also gained widespread clinical use [33,34]. 
Bortezomib and carfilzomib have been shown to enhance stem cell mobilization, likely through modulation of the 
bone marrow microenvironment and increased chemo-sensitivity of myeloma cells [34,35]. Many studies have 
demonstrated improved mobilization with bortezomib-based regimens, particularly when combined with G-CSF and 
cyclophosphamide [36–38]. Conversely, the effect of carfilzomib-based regimens (e.g., KRd) on stem cell collec-
tion is more variable. While these regimens may result in more significant hematologic responses, multiple studies 
have indicated diminished peripheral blood CD34 + HPC counts, lower collection yields, and heightened mobilization 
requirements in comparison to bortezomib -based regimens (e.g., VRd). These discrepancies may be affected by 
factors like lenalidomide exposure and the timing of stem cell collection [39].

In our study, a similar pattern was observed across unadjusted analyses, multivariable linear regression, and 
quantile regression models, which suggests that carfilzomib- and bortezomib-based induction regimens were 
generally associated with comparable CD34 + HPC mobilization and collection performance. However, quantile 
regression analysis demonstrated a statistically significant difference at the 25th percentile of first collection yield, 
indicating that regimen effects may differ among lower mobilizers, whereas no significant differences were observed 
at the median or higher percentiles. Furthermore, patients receiving both agents did not demonstrate improved 
mobilization compared with those treated with either agent alone. These findings suggest that while proteasome 
inhibitor–based induction regimens appear broadly comparable in overall mobilization performance, differential 
effects may be present in lower-yield subsets, and combined exposure does not appear to provide additive benefit.

This study has some limitations. Despite the large cohort, some genetic subgroups were relatively small, which may 
have reduced our ability to detect more modest effects on CD34 + HPC yield. In addition, mobilization and treatment 
practices were not fully uniform over the study period, and this variability may have influenced collection outcomes. Fur-
thermore, additional clinical variables, such ISS stages and comprehensive pre-treatments, were not examined. As this 
analysis was performed at a single, specialized center, the findings may not be generalizable to all MM populations.

Future work should focus on prospective, multi-center studies to validate these observations, in addition to better 
understanding the biological mechanisms linking “high-risk” genetic profiles and treatment regimens to impaired stem cell 
mobilization.

6.  Conclusion

In this large cohort of patients with multiple myeloma undergoing autologous stem cell mobilization, we examined 
the influence of induction regimens and underlying cytogenetic features on CD34 + HPC collection. Overall, prote-
asome inhibitor–based induction strategies demonstrated comparable mobilization outcomes, with no differences 
observed in adjusted linear or median quantile analyses, although a modest reduction in first collection yield was 
noted at the lower end of the distribution among carfilzomib-treated patients. In contrast, some molecular subtypes 
and “high-risk” cytogenetic abnormalities were consistently associated with reduced CD34 + HPC yields. These 
findings highlight the influence of disease biology, rather than the induction regimen alone, in understanding stem 
cell mobilization performance. Further research is needed to investigate the possible mechanisms in order to better 
tailor treatment options.
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significant associations were found at higher quantiles, including the 75th and 90th percentiles.
(DOCX)

S2 Table. Impact of common cytogenetic and FISH abnormalities on CD34 + HPC collection yield. Patients with 
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