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Abstract

Despite the availability of novel agents, autologous hematopoietic cell transplantation (auto-HCT)
remains the standard of care in newly diagnosed multiple myeloma (MM) patients. The impact of
age on overal surviva (OS), progression-free survival (PFS), relapse incidence, non-relapse mor-
tality (NRM), and excess mortality (taking account of general population mortality) was investi-
gated using information on 61,797 MM patients transplanted between 2013 and 2017. The median
age at auto-HCT was 60.8 (range: 18.1-83.2) years of whom 2.0% were 18-39 years, 68.9% 40—
64 years, 21.8% 6569 years, 6.5% 70-74 years, and 0.8% >75 years of age, respectively. The
corresponding OS probabilities at three years were 85.9%, 82.8%, 81.1%, 78.4%, and 74.8%, re-
spectively (p<0.001). Excess mortality cumulative incidences were 13.1%, 15.0%, 14.6%, 15.0%,
and 14.1% at three years, respectively (p=0.67). In multivariable analyses, older age was a signifi-
cant risk factor for OS, PFS, and NRM but not for excess mortality or relapse risk. Our results

indicate that advanced age alone should not preclude the use of auto-HCT in patients with MM.



| ntroduction :

Multiple myeloma (MM) has a worldwide prevalence that continues to increase, with over
175,000 new cases reported in 2020 . The median age at diagnosis is approximately 70 years;
MM israre (<1% of all cases) in those less than 40 years of age according to the limited available
information #°, but has a higher incidence in older individuals 2. For newly diagnosed, trans-
plant-eligible MM patients, induction therapy with proteasome inhibitors and immunomodulatory
drugs followed by autologous hematopoietic cell transplantation (auto-HCT) is considered the
standard of care 2. Due to improvements in supportive care, auto-HCT activities in MM have
gradually been extended to older patients ** and outcomes have continued to improve. These re-
sults are expected to improve further with the addition of anti-CD38 antibodies to induction thera-
py leading to improved response rates and progression-free survival (PFS) * 4. Ageis consid-
ered to be an important factor when choosing therapeutic strategies in general and especialy in
MM, but no age effect (<65 and >65 years of age) has been reported in studies to date [18]. The
impact of age on outcomes in the context of known risk factors and global differences in disease
management remains largely unexplored, especially in large population cohorts and in the context
of excess mortality.

Using a large worldwide database, we have for the first time analyzed the associations
between age at auto-HCT and both known and currently unknown (including conditioning regi-

mens) risk factors on outcome after auto-HCT.

Methods:

The retrospective study was conducted by the Worldwide Network for Blood and Marrow Trans-
plantation, utilizing data from its member societies and international or regional HCT registries.
The study included patients with MM who underwent upfront auto-HCT between 2013 and 2017,

were >18 years of age at auto-HCT. The supplementary material provides an overview of the reg-
5



istries that contributed data. The primary endpoint was overall survival (OS) and secondary end-
points were PFS, relapse incidence (RI, either progression or relapse), non-relapse mortality
(NRM), and excess mortality. The study was approved by the Institutional Review Board of Aichi

Medical University.

Statistical methods:

Baseline clinical, demographic, and transplantati on-related characteristics were grouped according
to the following age cohorts: 18-39, 40-64, 6569, 70-74, and >75 years old (measured at auto-
HCT), and were reported as median, range, and interquartile ranges for continuous variables. Dif-
ferences between age groups were assessed using p-values obtained with the y2 test for categori-
cal variables and the Mann-Whitney U-test for continuous data. Median follow-up after auto-HCT
and 95% confidence intervals (Cl) were calculated using the reverse Kaplan-Meier method. OS
was calculated as the time from auto-HCT to death from any cause, PFS as the time from auto-
HCT to death, relapse or progression, Rl as time to relapse (progression or relapse) after auto-
HCT, and NRM as death without evidence of relapse. In analyses of OS, PFS, RI, and NRM,
events occurring more than three years post auto-HCT were artificially censored. The probability
of OS and PFS was estimated based on the Kaplan-Meier method and differences were analyzed
using the log-rank test. Cumulative Rl and NRM were modeled using the crude cumulative inci-
dence estimator and compared between groups with Gray’s test. Multivariable analyses were per-
formed using Cox (cause-specific) proportional hazards models. Details on variables included in
the models can be found in the supplementary material. A relative survival model was used to
estimate the proportion of deaths in our cohort that could be attributed to general population caus-
es (population mortality) versus the proportion related to MM, including auto-HCT and other
treatment (excess mortality) '*. Patients from countries with population mortality tables availa-

ble in the Human Mortality Database (http://www.mortality.org/) were matched to the general
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population cohort by age, sex, country, and year of auto-HCT. The excess mortality hazard was
defined as the difference between the observed hazard in the patient with MM and in the matched
general population cohort, assuming that the life expectancy of the patients with MM is similar to
that of the general population apart from their disease and its treatment. These hazards were used
to calculate the cumulative incidences of population mortality and excess mortality, which add up
to all observed mortality. To estimate the association between age groups and excess mortality
adjusted for measured confounders, we used Cox proportional hazards model for the excess haz-
ard of death. All statistical tests were 2-sided, and significance was defined as p <0.05. All analy-
ses were performed in R version 4.4.2 *° using ‘survival’, ‘cmprsk,’, ‘prodlim’, ‘relsurv’ and

‘pspline’ packages. No adjustment for multiple comparisons were made.

Results:

Patient characteristics

A total of 61,797 patients from 61 countries of whom 60.6% were from Europe, 26.2% from
United States of America (USA), 5.1% each from Australia/New Zealand and Japan, 0.9% from
the Eastern Mediterranean Region (EMRO), 0.8% from Taiwan, 0.5% from Latin America, 0.3%
each from Ottawa and Malaysia, and 0.1% from Beijing were included in this analysis (Table 1).
Overdl, the median age at auto-HCT was 60.8 (range: 18.1-83.2) years. A total of 2.0% were
patients aged 18-39 years, 68.9% 40-64 years, 21.8% 65-69 years, 6.5% 70-74 years, and 0.8%
>75 years (Table 1). The median age varied considerably between regions and countries and was
lowest in the EMRO (53.6 years) and highest in Ottawa (62.2 years; Figure 1). EMRO, Latin
America, and Malaysia had the higher percentage of younger (<40 years) patients (6.4%, 4.7%,
and 5.3%, respectively) as compared with Europe, USA, Australia/New Zealand, Japan, Ottawa,
and Beijing (2.0%, 2.0%, 1.7%, 1.8%, 1.6%, and 1.4%, respectively) (Table 1, Figure 1 and S1).
Accordingly, the percentage of patients aged >65 years was lower in the former group of regions
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(6.9%, 12.7%, and 10.1%, respectively) as compared to the latter group of regions (27.4%, 34.8%,
32.2%, 24.5%, 36.1%, and 27.8%, respectively). The highest patient age in each region ranged
from 69.4 years (Malaysia) to 83.2 years (USA and EMRO) and most of the patients aged >75
years (69.2%) were reported from the USA (Figure 1). Auto-HCT activity increased annually
from 11,330 in 2013 to 13,530 in 2017 mainly due to more patients >65 years who constituted
25.0% of thetotal in 2013 and 32.7% in 2017 (Figure 2). As expected, 1gG was the most frequent
isotype (54.0%), followed by light chain (24.4%) and IgA (18.6%). A higher percentage of pa-
tients with 1gG and IgA and a lower percentage with light chain isotypes were observed in the
older age groups (Table 1). Younger patients were more likely to have International Staging Sys-
tem (1SS) stage | disease (43.9%, 39.0%, 35.8%, 34.6%, and 33.0% for age groups 18-39, 40-64,
6569, 70-74, and >75, respectively) and standard-risk cytogenetic profiles (74.6%, 70.2%,
69.2%, 65.6%, and 64.5%, respectively). Auto-HCT was performed at a median of 7.1 (interquar-
tile range: 5.5-9.9) months after diagnosis without significant differences according to age. The
percentage of patients with high risk HCT-specific comorbidity index (HCT-CI) scores was
14.4% in the youngest cohort and 49.6% in the oldest age cohort. Similarly, the percentage of
patients with Karnofsky performance status (KPS) <90 ranged from 63.4% in the youngest to
85.5% in the oldest age group. In addition, the percentage of patients in Complete response (CR)
was higher in the youngest (21.9%) when compared to the oldest (14.3%) cohort. Melphalan 200
mg/m? was the most commonly used conditioning regimen across all ages (70.2%) but was re-
placed by melphalan 140 mg/m? in the older groups (78.4%, 75.4%, 63.2%, 40.6%, and 28.3% for
200 mg/m?, respectively). Tandem auto-HCT was given in 6.9% of patients and information on
maintenance therapy was only available in 11.1% of patients. The most commonly used mainte-
nance regimens in the available information were lenalidomide in Europe (58.4%), in USA
(57.9%), in Japan (46.2%), and in the EMRO (61.7%), imides and proteasome inhibitors (67.7%)

in Taiwan, thalidomide in Latin America (38.7%) and in Beijing (44.3%) and no maintenance in
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Ottawa (55.4%) and in Malaysia (67.3%). Maintenance therapy was not included in the multivari-

able analysis.

Transplant outcome

The median OS was 90.2 (95% ClI: 88.2-93.6) months with a median follow-up of 41 (interquar-
tile range: 19-60) months (Table S1). OS three years post-transplant declined with increasing age
at auto-HCT and ranged from 85.9% (95% CI: 83.6%-88.2%) in the age group 18-39 years to
74.8% (95% CI: 70.8%-78.8%) in those >75 years (Figure 3a; p<0.001). Smilarly, older age was
associated with shorter PFS at three years (p<0.001): 55.8% (95% Cl: 52.5%-59.1%), 51.3%
(95% ClI: 50.7%-51.8%), 49.6% (95% CI: 48.5%-50.6%), 47.3% (95% CI: 45.5%-49.1%), and
44.9% (95% ClI: 40.3%-49.6%) in each age group, respectively (Figure 3b; p<0.001). The cumu-
lative RI at three years was not significantly associated (p=0.18) with older age and was 41.8%
(95% CI: 38.5%-45.0%), 45.8% (95% CI: 45.3%-46.4%), 46.2% (95% CI: 45.2%-47.2%),
47.4% (95% CI: 45.6%-49.2%), and 47.4% (95% Cl: 42.7%-52.1%), respectively (Figure 3c).
The cumulative incidence of NRM increased with age (p<0.001) being 0.5%, 1.3%, 2.1%, 2.2%,
3.8% at one year and 2.4%, 2.9%, 4.3%, 5.3%, 7.6% at three years, respectively (Figure 3d; Table

S).

Multivariable analysis

In multivariable analysis, age older than 64 years was significantly associated with reduced OS
and PFS (p<0.001 and p=0.001, respectively; Table 2). This was due to increased NRM (p<0.001)
and not to a higher risk of relapse (p=0.19). In patients younger than 40 years, borderline superior
OS (p=0.05), but not PFS (p=0.24), relapse (p=0.25) or NRM (p=0.34) compared to patients aged
40-64 years was detected. Female gender was also associated with improved OS (p<0.001), PFS

(p<0.001) and a lower risk of both relapse (p<0.001) and NRM (p=0.04). A more recent year of
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auto-HCT was significantly associated with improved OS (hazard ratio [HR] 0.94 [95% CI 0.92—
0.96]), PFS (HR 0.95, [95% CI 0.94-0.96]) and RI (HR 0.95 [95% CI 0.94-0.96]) per year later
though there was no such association with NRM (p=0.45). Variables associated with worse OS,
PFS and a higher risk of relapse included an isotype other than IgG, a high-risk cytogenetic profile,
a higher ISS, a poorer disease status at auto-HCT, a KPS <90 and a lower melphalan dose of 140
mg/m® compared to 200 mg/m®. The most adverse association with OS and PFS was seen in pa-
tients with relapse/progression at auto-HCT (HR compared to CR 4.84 and 3.49, respectively) and,
in descending order, ISS 111 (HR compared to ISS| 2.23 and 1.59), a high-risk cytogenetic profile
(HR compared to standard-risk 2.09 and 1.59), minor response/stable disease at auto-HCT (HR
compared to CR 1.85 and 2.30), ISS Il (HR compared to ISS | 1.51 and 1.25), age at auto-HCT
>75 years (HR compared to 40-64 years 1.45 and 1.20) and other |g isotypes (HR compared to
1gG 1.49 and 1.20; Table 2). The highest risk factors for Rl were relapse/progression (HR com-
pared to CR 3.61), a high-risk cytogenetic profile (HR compared to standard-risk 1.61), ISS Il
(HR compared to ISS | 1.56), and IgA subtype (HR compared to 1gG 1.23). Variables affecting
NRM included age >75 years (HR compared to 40-64 years 2.11), being in relapse/progression at
auto-HCT (HR compared to CR 2.05), ISS 11l (HR compared to ISS | 2.03), high HCT-CI risk
(HR compared to low HCT-CI risk 1.84) and non-secretory isotype (HR compared to 1gG 1.54).
Age was next modeled both as a continuous variable with a linear effect and, in a more
flexible manner, using splines adjusted for the variables listed in Table 2. In the spline model, haz-
ard of death increased significantly in patients aged >70 years, but, because of limited patient
numbers, Cls were wide and were not significantly different from the linear model (p=0.17; Fig-
ure S2a). Hazards of events in PFS and relapse increased more strongly in patients aged >70 years
and decreased more strongly in patients aged <40 years in the spline model as compared to the
linear model (difference from linear model p=0.05 and p=0.06, respectively; Figure S2b-c). For

NRM, the spline model was not significantly different from the linear age model (p=0.62), but
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both were more strongly associated with age as compared to OS, PFS, and relapse (Figure S2d).
In the linear model, the association between age and OS, PFS, relapse, and NRM was 1.10 (95%
Cl: 1.07-1.14), 1.03 (95% CI: 1.01-1.05), 1.01 (95% CI: 0.99-1.03), and 1.37 (95% CI: 1.28—

1.47) for each ten-year increment, respectively.

Association between melphalan dose and outcome for different ageat auto-HCT

We examined whether the beneficial association between high dose melphalan (200 mg/m? vs.
140 mg/m?) and outcomes (Table 2) was similar across all age groups by including an interaction
term between melphalan dose and age. We found a significant interaction in the analysis of OS
(p=0.004), PFS (p=0.02), and relapse (p=0.04), but no significant interaction in the NRM analysis
(p=0.78; Table 3). In the analyses of OS, PFS, and relapse, the beneficial association between 200
mg/m® melphalan and outcome after auto-HCT decreased with lower age at auto-HCT, resulting
in no significant differences in OS, PFS, and relapse for patients aged 37 years at auto-HCT (me-
dian age in the group of patients <40 years of age at auto-HCT). In older patients, the beneficial
association between 200 mg/m? melphalan and OS, PFS, relapse was stronger compared to the

results obtained from the model without interaction.

Excess mortality

Population mortality tables were available for 58,620 patients from 34 countries (out of 61,797
patients from 61 countries). The excess mortality rates at one and three years attributable to MM
and its treatment in this subset were 4.2% (95% CI: 4.0%-4.4%) and 14.9% (95% CI: 14.5%—
15.3%), respectively, while population mortality rates at one and three years were 0.9% and 2.8%,
respectively (Figure 4a and Supplementary Table S2). Excess mortality was not significantly dif-
ferent according to age at auto-HCT (p=0.67) and was 13.1% (95% CI: 10.7%-15.5%), 15.0%

(95% ClI: 14.6%-15.5%), 14.6% (95% CI: 13.8%-15.3%), 15.0% (95% CI: 13.5%-16.5%), and
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14.1% (95% Cl: 9.8%-18.3%) at three years in the age groups 18-39, 40-64, 6569, 70-74, and
>75, respectively (Figure 4b and Supplementary Table S2). Excess mortality was not significantly
different between male and female patients (p=0.43) and was 15.0% (95% ClI: 14.5%-15.5%) and
14.7% (95% Cl: 14.2%-15.3%) at three years, respectively (Figure 4c and Supplementary Table
S2). Finally, in the multivariable analyses, age was not a significant risk factor for excess mortali-
ty (p=0.30), and neither was sex (p=0.40; Table 4). As in the multivariable analysis for OS, a
more recent year of auto-HCT, a higher KPS, M-protein isotype 1gG, standard-risk cytogenetic,
lower ISS, lower HCT-CI status and melphalan 200 mg/m? were associated with lower excess

mortality.

Discussion:

This study was based on a comprehensive dataset of 61,797 patients with newly diagnosed MM
who underwent auto-HCT worldwide between 2013 and 2017. We observed a clear age-related
trend in OS and PFS, with patients aged 65-69, 7074, and >75 years at the time of auto-HCT
having poorer survival rates compared to those aged 40-64 years in uni- and multivariable anal-
yses adjusted for differences in the distribution of ISS stage, high-risk cytogenetics, low KPS,
HCT-CI, melphalan dose and disease stage before auto-HCT. However, in uni- and multi-variable
analyses taking mortality in the general population into account, we found excess mortality to be
smilar in those aged 40-64, 6569, 70-74, and >75 years. The NRM at one year was 0.5% in
patients aged <40 years, 1.3% in patients aged 40-64 years, and 3.8% in patients aged >75 years.
Other reports in older patients found that NRM at 100 days and one year to be approximately 1%—
3% 2%, One centre reported that patients aged <40 years transplanted after 2010 had a signifi-
cantly improved median PFS (84.9 months vs. 28.2 months, p<0.001) and OS (not reached vs.
91.8 months, p<0.001) compared to those transplanted prior to 2010 3. Age has traditionally been

used as a variable to determine eligibility for auto-HCT, with some guidelines suggesting arbitrary
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cut-offs of 65 or 70 years * %3, Advances in supportive care have reduced NRM *°, making auto-
HCT a feasible option for older patients. Whereas in the past, a higher NRM and poorer OS %
may have prevented older patients from being considered for this option, auto-HCT rates in-
creased by approximately 20% between 2013 and 2017 and mostly in patients aged >65 years.
There are relatively few reports of auto-HCT in patients aged >75 years. Patients are often exclud-
ed because of age, frailty or comorbidities (high-risk score for HCT-CI in our study) and global
clinical practice varies considerably. Overall, the percentage of patients aged >75 years was less
than 1% of all patients and they were predominantly treated in the USA, Europe, and Austral-
ialNew Zealand. Hedlth insurance, age distribution in the general population, and local practice
guidelines may influence this variation. Interestingly, the risk of relapse did not differ significant-
ly in these older groups despite higher ISS stages and higher cytogenetic risk profiles. Belotti et al.
reported that in patients aged 70-75 years classified as unfit according to the International Mye-
loma Working Group frailty score, no significant PFS difference was observed between auto-HCT
and no auto-HCT %. However, the Center for International Blood and Marrow Transplantation
Research reported that even frail patients aged 65-83 years, as classified by the simplified frailty
index, have an expected 100-day NRM of <2% after auto-HCT %. These earlier reports, as well as
our own, support the view that age alone should not be used to determine eligibility for auto-HCT.
The melphalan dose used for conditioning plays a significant role in patient outcomes.
The dose is selected at the physician’s discretion or based on local practice guidelines, generally
according to factors such as rena function or performance status. Melphalan 140 mg/m? was
commonly used in patients aged >70 years in this real-world study as well asin other reports 22"
128 However, a French study reported the safety and efficacy of a melphalan dose of 200 mg/m?
for older patients in a prospective multicentre study 2°. Another report found that OS, PFS, and
NRM, but not RI, were superior in patients who received melphalan 200 mg/m? than in those who

received melphalan 140 mg/m?, suggesting that patient selection based on perceived frailty may
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result in lower OS and PFS, and higher NRM in the melphalan 140 mg/m? group %. Our study
identified a melphalan dose of 140 mg/m? to be a risk factor for NRM at al ages suggesting that
physicians likely selected the lower melphalan dose for less fit patients, as indicated by the similar
findings in these two studies. Meanwhile, Auner et al. reported similar outcomes of melphalan
140 mg/m? compared with 200 mg/m? in patients aged >65 years according to the remission status
in a retrospective analysis *. Although we attempted to adjust for different variables in the multi-
variate analysis, there remains the potential for additional confounding by uninvestigated factors
such as renal function and other factors related to frailty not fully captured by the KPS.

Shah et al. reported that auto-HCT was cost-effective compared with non-transplant ap-
proaches and should be considered in patients aged >65 years in the era of novel agents *!. Re-
cently, results of triplet or quadruplet therapies with anti-CD38 antibodies were published. For
patients receiving daratumumab plus lenalidomide and dexamethasone in the MAIA trial, the
estimated 5-year OS and PFS rates were 66.6% and 52.1%, respectively %2 With the quadruplet
therapy in the IMROZ trial using isatuximab, lenalidomide, bortezomib and dexamethasone, the
5-year OS and PFS were 72.3% and 63.2%, respectively **%. In our real-world multicenter and
multiregional study, the 5-year OS and PFS were 69.6% (95% CI 69.1-70.1) and 33.8% (95% ClI
33.2-34.3), respectively. However, cross trial comparisons should be interpreted with caution due
to differences in patient populations (HCT ineligible, HCT-deferred. age). Whether these new
drugs, either alone or in combination, further improve the results of auto-HCT in newly diagnosed
MM patients should be studied prospectively. Chimeric antigen receptor T-cells and T-cell redi-
recting bispecific antibodies directly harness T-cell activity and have shown substantial efficacy in
heavily pretreated MM patients. In the CARTITUDE-4 and KartMMA-3 trials, chimeric antigen
receptor T-cells showed improved PFS compared to standard of care therapies after 1-3 prior
lines of therapy in lenalidomide-refractory MM or after 24 prior lines of therapy in

daratumumab-refractory MM patients.*” * Bispecific antibodies such as teclistamab, elranatamab,
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and talquetamab showed impressive single agent response rates (63% *°, 61% *°, and 60%-70% *',
respectively) in heavily pretreated patients with triple-class refractory MM..

Older age at auto-HCT and male sex were identified as prognostic factors for poorer OS;
however, these factors are also associated with reduced life expectancy in the general population.
Conseguently, we analyzed excess mortality and found that neither age nor sex were significant
prognostic factors. The small proportion of transplant recipients aged >75 years likely represent a
highly selected group of fit patients. As a consequence, population mortality might have been
overestimated and the excess mortality underestimated. Although age should be considered when
assessing risk, it should not be used as the sole reason to exclude older patients from auto-HCT.
The results of this study do not imply that auto-HCT is safe for all older patients. Therefore, auto-
HCT has been shown to be a safe and effective treatment for older patients who have undergone
thorough eligibility screening by their hematologist or oncologist. Previous studies in patients
with MM have documented a short-term deterioration in health-related quality of life after auto-
HCT and a recovery within 3-6 months “**. A very small proportion of patients continue to re-
port moderate to severe symptoms that persist at one year and beyond *. But also, no differencein
both physical and mental health scores were reported in long-term survivors of auto-HCT . In
addition to the presence or absence of complications, consideration of post-transplant quality of
lifeisimportant.

Our study has important limitations. Reporting practices, data collection systems, and
quality control measures vary between registries, leading to differences in the amount of missing
information. Unfortunately, causes of death and detailed comorbidities were not reported, which
prevented further analyses. Maintenance therapy policies might vary depending on regional insur-
ance coverage and guidelines. Additionally, due to limited data on maintenance therapy, we were
not able to include it as avariable in the analysis. Since maintenance therapy was reported in 84%

to 90% of patients with available information across all age groups, the bias of not including
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maintenance in the model may be neglectable. The rate of maintenance therapy following auto-
HCT was reported to be approximately 30% in 2013, which significantly increased to approxi-
mately 80% in 2017 “. In the current study, the year of auto-HCT aso emerged as a favorable
prognostic factor for OS, PFS, and relapse. This increase in uptake of maintenance therapy over
time may partly explain our observation of improved outcomes over time.

In conclusion, this large study demonstrated the age differences in patients undergoing
auto-HCT in different geographical regions. Furthermore, increasing age was shown to be a risk
factor for OS, PFS, and NRM in patients with MM aged >65 years, but not for relapse and excess
mortality. In other words, auto-HCT should be considered in the treatment plan for patients
deemed €eligible, regardless of their age. The patients aged >70 years with MM undergoing auto-
HCT outside of clinical trials can expect 1-year NRM of 2%-4%, 3-year PFS of 45%-48%, 3-
year OS of 74%—-79%, and 3-year excess mortality of 14%-15%. Auto-HCT is increasingly used
13 worldwide as a safe procedure for transplant eligible patients based on the physician's decision,
especialy due to the increased auto-HCT rate of patients aged > 65 years. Our data provides a
useful perspective as the number of older patients for whom auto-HCT may be the standard of

care increases worldwide.
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Table 1: Patient characteristics at diagnosis and at autologous hematopoietic cell transplantation

Ageat auto-HCT (years) Total 18-39 40-64 65-69 70-74 >75
All Patients, n (%) 61797 (100) | 1252(2.0) | 42570 (68.9) | 13452 (21.8) | 4003 (6.5) 520 (0.8)
%
Sex
Mae 58.0 50.7 57.5 57.4 62.7 66.0
Region
Europe 60.6 59.2 62.1 61.0 48.7 24.6
USA 26.2 25.3 24.1 26.4 433 69.2
Australia/New Zealand 5.1 4.2 49 5.8 5.4 4.2
Japan 5.1 4.6 5.4 5.1 1.8 1.2
Eastern Mediterranean 0.9 2.8 1.1 0.3 0.0 0.2
Taiwan 0.8 16 1.0 0.6 0.2 0.6
Latin America 0.5 1.3 0.7 0.3 0.2
Ottawa, Canada 0.3 0.2 0.3 0.4 0.3
Malaysia 0.3 0.7 0.3 0.1
Beijing, China 0.1 0.1 0.1 0.1 0.0
M -protein isotype
19G 54.0 50.4 535 55.5 56.1 55.4
IgA 18.6 13.1 18.4 19.6 19.7 20.4
Light chain 24.4 319 25.0 226 21.7 20.8
Other Ig 1.3 19 1.3 11 11 1.8
Non-secretory 1.7 2.8 1.8 1.2 1.4 1.6
Missing (n=1332) 2.2 25 2.2 2.2 15 1.2
1SS
I 38.0 439 39.0 35.8 34.6 33.0
I 349 313 34.1 36.9 36.5 38.4
1T 27.1 24.8 27.0 27.3 28.9 28.7
Missing (n=28111) 455 43.1 46.2 45.1 414 323
Cytogeneticrisk
Standard 69.7 74.6 70.2 69.2 65.6 64.5
High 30.3 25.4 29.8 30.8 34.4 355
Missing (n=34292) 55.5 54.2 56.6 55.2 48.2 34.4
At auto-HCT
Interval diagnosisHCT | 74 55 99 | 67(52-9.2) | 7.0(5.5-99) | 7.2(5.6-10.1) | 7.0(55-9.6) | 6.9 (5.3-9)
median (IQR) months
Year of auto-HCT
2013 18.3 215 19.3 16.1 15.1 12.9
2014 18.9 18.7 19.5 18.1 16.3 15.6
2015 19.9 18.8 20.1 194 19.1 215
2016 21.0 20.0 20.3 22,6 22.8 20.6
2017 21.9 21.1 20.8 239 26.7 29.4
HCT-CI risk group
Low risk (0) 51.8 62.0 54.2 48.8 39.0 25.7
Intermediate risk (1-2) 25.0 236 25.0 24.7 26.4 24.8
High risk (>3) 232 14.4 20.8 26.5 34.6 49.6
Missing (n=17486) 28.3 30.0 29.8 26.4 20.8 12.3
KPS
100 27.8 36.6 29.6 25.2 17.6 14.5
<90 722 63.4 704 74.8 824 85.5
Missing (n=6012) 9.7 9.1 9.9 10.2 7.7 4.8
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Disease status

CR 19.2 21.9 19.8 18.0 15.7 14.3
VGPR 38.0 36.1 37.8 38.7 39.0 38.0
PR 36.2 34.6 35.8 37.0 379 36.6
MR/SD 4.7 51 4.6 4.6 55 7.6
Refractory/progression 18 2.0 18 16 16 2.9
Untreated 0.2 0.2 0.2 0.2 0.2 0.6
Missing (n=1379) 2.2 34 2.2 24 2.0 0.8
Conditioning regimen
Méel 200 mg/m’ 70.2 78.4 754 63.2 40.6 28.3
Méel 140 mg/m’ 12.0 55 6.8 17.8 43.6 60.7
Mel unknown dose 14.7 12.2 14.6 16.3 12.8 8.5
Other conditioning 31 3.9 3.2 2.7 3.0 25
Missing (n=386) 0.6 0.6 0.7 0.5 0.5 0.2
Tandem auto-HCT
No 93.1 91.2 924 94.8 96.1 97.3
Yes 6.9 8.8 7.6 5.2 39 2.7
Missing (n=75) 0.1 0.2 0.1 0.1 0.0
Maintenance ther apy
Yes 88.8 84.1 89.0 89.7 87.2 83.9
None 11.2 159 11.0 10.3 12.8 16.1
Missing (n=54926) 88.9 84.5 88.6 89.8 90.2 89.2

Abbreviations: USA, United States; ISS, international scoring system; Auto-HCT, autologous hematopoietic cell trans-
plantation; HCT-CI, hematopoietic cell transplantation-specific comorbidity index; KPS, Karnofsky performance status;
CR, complete response; VGPR, very good partial response; PR, partial response; MR, minor response; SD, stable disease;

Mel, melphalan.

High cytogenetic risk was defined as: deletion 17p, and/or t(4;14), and/or t(14;16); in Europe deletion 17p, and/or t(4;14),

and/or t(14;16) and/or t(14;20) and/or hypodiploid and/or 1q gain and/or deletion 1p.
Percentages for each variable are calculated excluding missing values.
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Table 2: Risk estimates of the association between age at autologous hematopoietic cell transplantation and other baseline characteristics,
and outcome after autologous hematopoietic cell transplantation obtained using multivariable Cox (cause-specific) proportional

hazards models.
Overall survival Progression-free survival Relapse Non-relapse mortality

Variables HR (95% ClI) p value HR (95% CI) p value HR (95% CI) p value HR (95% CI) p value
Age at auto-HCT (years) (<0.001) (0.001) (0.19) (<0.001)

18-39 0.84 (0.70-1.00) 0.05 0.94 (0.85-1.04) 0.24 0.94 (0.85-1.04) 0.25 0.80 (0.52-1.25) 0.34

40-64 1.00 1.00 1.00 1.00

6569 1.10 (1.05-1.17) <0.001 1.03(1.00-1.07) 0.05 1.01 (0.98-1.04) 0.61 1.43(1.27-1.60) <0.001

70-74 1.23(1.13-1.34) <0.001 1.09 (1.03-1.15) 0.003 1.05(0.99-1.11) 0.10 1.62 (1.36-1.94) <0.001

>75 1.45 (1.19-1.76) <0.001 1.20(1.05-1.36) 0.006 1.12 (0.98-1.29) 0.09 2.11 (1.48-3.02) <0.001
Sex

Male 1.00 1.00 1.00 1.00

Female 0.92 (0.88-0.96) <0.001 0.93(0.90-095) <0.001 0.93(0.90-0.96) <0.001 0.90 (0.81-1.00) 0.04
M-protein isotype (<0.001) (<0.001) (<0.001) (0.001)

19G 1.00 1.00 1.00 1.00

IgA 1.41(1.33-149)  <0.001 1.23(1.19-1.28) <0.001 1.23(1.19-1.28)  <0.001  1.34(1.17-1.53) <0.001

Light chain 1.11(1.05-1.18)  <0.001  1.06(1.02-1.10)  <0.001  1.06 (1.02-1.09) 0.002 1.11 (0.98-1.27) 0.10

Other Ig 149(1.26-1.77)  <0.001 1.20(1.07-1.35)  0.002  1.18(1.04-1.32) 0.008 1.35 (0.91-2.00) 0.13

Non-secretory 144 (1.21-1.71) <0.001 1.08(0.97-1.21) 0.16 1.05 (0.93-1.18) 0.42 1.54 (1.06-2.22) 0.02
Cytogenetic risk (<0.001) (<0.001) (<0.001) (<0.001)

Standard 1.00 1.00 1.00 1.00

High 2.09(1.95223) <0.001 159(1.53-1.66) <0.001 1.61(154-1.68) <0001  1.34(1.15-157) <0.001
International Staging Sys- (<0.001) (<0.001) (<0.001) (<0.001)
tem

I 1.00 1.00 1.00 1.00

I 1.51 (1.40-1.64) <0.001 1.25(1.19-1.30) <0.001 1.24 (1.19-1.30) <0.001 1.45(1.22-1.72) <0.001

Il 2.23(2.07-2.42) <0.001 1.59 (1.52-1.66) <0.001 1.56 (1.49-1.64) <0.001 2.03 (1.71-2.40) <0.001
Time from diagnosisto 1.00 (0.99-1.01) 0.68 1.00 (0.99-1.00) 0.70 1.00 (0.99-1.00) 0.54 1.00 (0.98-1.02) 0.82
HCT (per 6 months more)
Disease datus at auto-HCT (<0.001) (<0.001) (<0.001) (<0.001)

CR 1.00 1.00 1.00 1.00

VGPR 1.20(1.12-1.28)  <0.001  1.26(1.21-1.31) <0.001  1.28(1.22-1.33)  <0.001  0.99 (0.85-1.15) 0.89

PR 1.48 (1.38-1.59) <0.001 1.58 (1.52-1.65) <0.001 1.59 (1.52-1.67) <0.001 1.42 (1.22-1.65) <0.001

MR/SD 2.07(1.85-2.30)  <0.001 1.94(1.81-2.08) <0.001  1.93(1.80-2.07) <0001  2.01(1.59-253) <0.001

Relapse/progression 4.84 (4.29-547) <0001 3.49(3.20-381) <0.001 361(3.30-395)  <0.001  2.05(1.39-3.01) <0.001
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Untreated 1.08 (0.59-1.95) 081  1.25(090-174) 018  1.26(0.90-1.77) 0.18 0.89 (0.22-3.60) 0.87

KPS at auto-HCT

100 1.00 1.00 1.00 1.00

<90 1.25(1.18-1.33) <0.001 1.09(1.05-1.13) <0.001 1.07(1.04-1.11) <0.001 1.33(1.16-1.52) <0.001
HCT-CI risk (<0.001) (0.05) (0.98) (<0.001)

Low (0) 1.00 1.00 1.00 1.00

Intermediate risk (1-2) 1.14 (1.06-1.21) <0.001 1.02(0.98-1.06) 0.35 1.00 (0.96-1.04) 0.92 1.34(1.16-1.56) <0.001

High (=3) 1.36 (1.26-1.45) <0.001 1.06(1.02-1.11) 0.004 1.02 (0.97-1.07) 0.42 1.84 (1.57-2.15) <0.001
Y ear of auto-HCT (per year  0.94 (0.92-0.96) <0.001 0.95(0.94-0.96) <0.001  0.95(0.94-0.96) <0.001 0.98 (0.94-1.03) 0.45
later)
Conditioning regimen

Melphalan 140 mg/m? 1.00 1.00 1.00 1.00

Melphalan 200 mg/m? 0.89 (0.83-0.95) <0.001 0.91(0.87-0.95) <0.001 0.93(0.89-0.97) 0.002 0.71 (0.62-0.82) <0.001

Other conditioning 0.96 (0.83-1.11) 0.59 0.91 (0.84-1.00) 0.05 0.93 (0.85-1.02) 0.14 0.78 (0.56-1.10) 0.15

Models included a country specific random effect. Overall p-values were obtained using the likelihood ratio test and test whether in multicategorical variables asso-
ciations between categories and the outcome in question are all the same. Missing values were modeled using a missing category (not shown in thistable).

Abbreviations: Auto-HCT, autologous hematopoietic cell transplantation; HR, hazard ratio; KPS, Karnofsky performance status; HCT-CI, hematopoietic cell trans-
plantation-specific comorbidity index; CR, complete response; VGPR, very good partial response; PR, partial response; MR, minor response; SD, stable disease.
High cytogenetic risk was defined as: deletion 17p, and/or t(4;14), and/or t(14;16); in Europe deletion 17p, and/or t(4;14), and/or t(14;16) and/or t(14;20) and/or
hypodiploid and/or 1q gain and/or deletion 1p.
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Table 3: Association between melphalan dose and outcome for different ages at autologous hematopoietic cell transplantation.

Overall surviva Progression-free survival Relapse Non-relapse mortality
(risk of death) (risk of relapse/ death) (death without relapse)
Ageat HR (95% CI) Mel pvalue HR(95%CI)Mel 200 pvaue HR(95% Cl)Mel pval- HR (95% CI) Mel 200 pvalue
auto-HCT 200 vs. Mel 140 vs. Mel 140 200 vs. Mel 140 ue vs. Mel 140
37 years 121 0.12 1.06 0.43 1.06 041 0.67 0.12
(0.95-1.53) (0.92-1.22) (0.92-1.23) (0.40-1.11)
57 years 0.95 0.28 0.94 0.02 0.95 0.11 0.70 <0.001
(0.87-1.04) (0.89-0.99) (0.90-1.01) (0.57-0.85)
67 years 0.84 <0.001 0.88 <0.001 0.90 <0.001 0.72 <0.001
(0.79-0.99) (0.84-0.92) (0.86-0.95) (0.62-0.83)
72 years 0.79 <0.001 0.85 <0.001 0.88 <0.001 0.73 <0.001
(0.73-0.87) (0.81-0.90) (0.83-0.93) (0.61-0.87)
77 years 0.75 <0.001 0.83 <0.001 0.85 <0.001 0.74 0.02
(0.66-0.85) (0.77-0.89) (0.79-0.92) (0.57-0.94)
Interaction 0.004 0.02 0.04 0.78
Model without 0.89 0.001 0.91 <0.001 0.93 0.002 0.71 <0.001
age interaction* (0.83-0.95) (0.87-0.95) (0.89-0.97) (0.62-0.82)

Abbrezviations: Auto-HCT, autologous hematopoietic cell transplantation; HR, hazard ratio; Mel 200, melphalan 200 mg/m*; Mel 140, melphalan 140
mg/n’.

Mel 140 is the reference (HR = 1). Estimates of the HR of Mel 200 vs. Mel 140 are shown for example ages (37, 57, 67, 72, and 77 years; median ages of
the age groups <40, 40-65, 65-70, 70-75, >75 respectively. Age at auto-HCT-was included in the Cox PH models as a continuous variable (covering all ag-
es) with a linear effect on the (log) hazard. Models included, melphalan dose, interaction term age x melphalan dose, variables presented in Table 2 and a
country specific random effect.

* Aspresented in table 2.
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Table 4. Multivariable analysis of excess mortality.

Excess mortality

HR (95% ClI) p

Age at auto-HCT (years) (0.30)

18-39 0.90 (0.74-1.10) 0.29

40-64 1.00

65-69 0.97 (0.91-1.04) 0.36

70-74 0.94 (0.84-1.06) 0.32

>75 0.89 (0.65-1.23) 0.49
Sex

Male 1.00

Female 0.98 (0.93-1.03) 0.40
Y ear of auto-HCT (per year later) 0.93 (0.91-0.95) <0.001
KPS at auto-HCT

100 1.00

<90 1.21(1.13-1.30) <0.001
M-protein isotype (<0.001)

190G 1.00

IgA 1.50 (1.40-1.61) <0.001

Light chain 1.12 (1.04-1.20) <0.001

Other Ig 1.70 (1.39-2.06) <0.001

Non-secretory 1.55 (1.27-1.90) <0.001
Cytogenetic risk (<0.001)

Standard 1.00

High 2.25(2.07-2.44) <0.001
International Staging System (<0.001)

I 1.00

1 1.66 (1.50-1.84) <0.001

" 2.64 (2.40-2.92) <0.001

Time diagnosis auto-HCT (per 6 months more) 1.00 (0.99-1.01) 041
Disease status at auto-HCT (<0.001)

CR 1.00

VGPR 1.24 (1.13-1.35) <0.001

PR 1.57 (1.44-1.72) <0.001

MR/SD 2.21 (1.95-2.51) <0.001

Relapse/progression 5.95 (5.20-6.82) <0.001

Untreated 0.77 (0.31-1.93) 0.58
HCT-CI risk (<0.001)

Low (0) 1.00

Intermediate risk (1-2) 1.05 (0.97-1.14) 0.19

High (>3) 1.18 (1.09-1.28) <0.001
Conditioning regimen (<0.001)

Melphalan 140 mg/m” 1.00

M el phalan 200 mg/m? 0.87 (0.80-0.95) 0.001

Other conditioning 0.97 (0.81-1.16) 0.75

Auto-HCT, autologous hematopoietic cell transplantation; HR, hazard ratio; KPS, Karnofsky perfor-
mance status, HCT-CI, hematopoietic cell transplantation-specific comorbidity index; CR, complete
response; VGPR, very good partial response; PR, partial response; MR, minor response; SD, stable

disease
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Legend tothefigure:

Figure 1. Age distribution at autologous hematopoietic cell transplantation according to region.
Abbreviation; y, years

Figure 2. Annual number of autologous hematopoietic cell transplantation by categories of age at
autologous hematopoietic cell transplantation.

Figure 3. Transplant outcomes in multiple myeloma by age group: (a) Overall survival. (b)
Progression-free survival. (c) Cumulative incidence of relapse. (d) Cumulative incidence of
non-relapse mortality.

Figure 4. Population mortality and excess mortality on 58,620 patients from 34 countries: (a)

al patients. (b) by age at autologous hematopoietic cell transplantation. (C) by sex.
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Supplementary material

Data source

This study included patients with multiple myeloma (MM) who underwent upfront autol-
ogous hematopoietic cell transplantation (auto-HCT) between 2013 and 2017, were >18
years of age at auto-HCT and were from the following regional registries:

1) Asian-Pacific Blood and Marrow Transplantation Group (APBMT; www.apbmt.org)
with its reporting registries

a. Australia and New Zealand Transplant & Cellular Therapies (ANZTCT;
www.anztct.org.au)

b. Myeloma Transplant Registry, Ministry of Health, Malaysia (MTRMOHM)

c. Japanese Society for Transplantation and Cellular Therapy/The Japanese Data
Center for Hematopoietic Cell Transplantation (JSTCT/JDCHCT)

d. Taiwan Society of Blood and Marrow Transplantation (TBMT)

e. Beijing Bone Marrow Transplant registry

2) Canadian registry using the Ottawa Blood Disease Center MM Database (OB-
DCMMD)

3) Center for International Blood and Marrow Transplantation Research (CIBMTR;
www.cibmtr.org) for the United States of America

4) European Society for Blood and Marrow Transplantation (EBMT; www.ebmt.org)

5) Eastern Mediterranean Blood and Marrow Transplant Group (EMBMT) for the Eastern
Mediterranean Region (EMRO)

6) Latin American Blood and Marrow Transplantation Group (LABMT) for Latin Amer-

ica



Registries reported all auto-HCTs without restrictions on diagnosis and auto-HCT inter-
val, except CIBMTR, which provided information on patients with intervals of <12
months. No additional informed consent from patients was required, since anonymized
data were used and no personal information shared. The study was approved by the Insti-

tutional Review Board of Aichi Medical University.

Statistical analysis

Multivariable analyses were performed using Cox (cause-specific) proportional hazards
models including a random effect for country. Age at auto-HCT was used in the multi-
variable analyses as a categorical and as a continuous variable (assuming a linear associ-
ation between age and the log-hazard of outcome) and, in a more flexible manner, using
penalized splines '. Models further included patient sex, year of auto-HCT, disease stage
at auto-HCT, Karnofsky performance status (KPS), myeloma sub-classification, melpha-
lan conditioning dosage, time from diagnosis to auto-HCT, HCT-specific comorbidity
index (HCT-CI), International Staging System (ISS) at diagnosis, and cytogenetic risk.
High cytogenetic risk was defined as: deletion 17p, and/or t(4;14), and/or t(14;16); in
Europe deletion 17p, and/or t(4;14), and/or t(14;16) and/or t(14;20) and/or hypodiploid
and/or 1q gain and/or deletion 1p. Complete response, very good partial response, partial
response, minor response/stable disease, and relapse/progression were defined according
to the International Myeloma Working Group criteria 2. Conditioning was split between
melphalan 140 mg/m? and 200 mg/m? and named others in combination with additional
drugs for conditioning. We analyzed whether the association between the melphalan dose

and outcome after auto-HCT was similar across ages by including an interaction term age



at auto-HCT (included as a continuous variable, as described above) x conditioning in the
models. Maintenance therapy was reported in 11% and not included in the multivariable

analysis. Missing values were modeled using a separate missing category.
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Supplementary Table S1. Outcome after auto-HCT for multiple myeloma according to

age

Supplementary Table S2. Estimates of excess mortality after auto-HCT due to dis-
ease/auto-HCT procedure and population mortality according to sex and age, obtained

using relative survival models.

Supplementary Figure S1. Distribution of age at auto-HCT by region

Supplementary Figure S2. Multivariable analysis using age at auto-HCT as a continu-
ous linear variable and more flexibly using restricted cubic splines: (a) Overall survival.
(b) Progression-free survival. (c) Cumulative incidence of relapse. (d) Cumulative inci-

dence of non-relapse mortality. Shaded areas show the 95% confidence intervals.



Table S1. Outcome after auto-HCT for MM according to age

Age at auto-HCT (years) Total 18-39 40-64 65-69 70-74 >75
OS % at 3 years 82.1 85.9 82.8 81.1 78.4 74.8
(95%CI %) (81.7-82.4) (83.6-88.2) (82.3-83.2) (80.4-81.9) (76.9-79.8) (70.8-78.8)
PFS % at 3 years 50.6 55.8 513 49.6 47.3 449
(95%CI %) (50.2-51.1)  (52.5-59.1) (50.7-51.8) (48.5-50.6) (45.5-49.1) (40.3-49.6)
RI % at 3 years 46.0 41.8 45.8 46.2 47.4 47.4
(95%CI %) (45.5-46.4)  (38.5-45.0) (45.3-46.4) (45.2-47.2) (45.6-49.2) (42.7-52.1)
NRM % at 1 year 1.5 0.5 1.3 2.1 2.2 3.8
(95%CI %) (1.4-1.6) (0.1-0.9) (1.1-1.4) (1.9-2.4) (1.7-2.7) (2.1-5.5)
NRM% at 3 years 34 2.4 2.9 4.3 5.3 7.6
(95%CI %) (3.2-3.6) (14-3.4) (2.7-3.1) (3.94.7) (4.5-6.1) (5.2-10.1)
Median OS months 90.2 not reached 93.9 85.1 79.3 72.9




Table S2. Probabilities of excess mortality after auto-HCT (NRM, relapse incidence)
and mortality in the general population according to sex and age obtained using
relative survival models. It is assumed that the life expectation of the MM patients
is similar to that of the general population apart from their disease and treatment.

Excess mortality after auto-HCT % (95% CI) Population mortality %

at months 12 24 36 12 24 36
All 42(4.044) 95(09.3-98) 149(145-153) 09 1.8 2.8
Age at auto-HCT (years)
18-39 2.6(1.7-3.6) 6.7(5.1-84) 13.1(10.7-15.5) 0.1 0.2 0.3
40-64 4.2(4.044) 9.7(9.3-10.0) 15.0(14.6-15.5) 0.6 1.3 1.9
65-69 4.4 (4.0-49) 94(8.8-10.1) 14.6(13.8-15.3) 1.3 2.7 4.0
70-74 3.7(3.0-4.6) 9.6(8.4-10.8) 15.0(13.5-16.5) 2.1 4.3 6.5
>75 3.7(1.3-6.0) 10.2 (6.6-13.6) 14.1(9.8-18.3) 3.5 6.9 10.5
Sex
Male 4.13.944) 94(09.1-99) 15.0(14.5-15.5) 1.1 2.2 33
Female 4.3(4.0-4.6) 9.7(9.3-10.1) 14.7(14.2-153) 0.6 1.3 1.9




Figure S1. Distribution of age at auto-HCT by region
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Figure S2. Adjusted hazard ratios (HR) by age at allo-HCT (with 65 years as refer-
ence, i.e., HR =1) obtained using age at auto-HCT as a continuous linear variable
and more flexibly using penalized splines: (a) Overall survival. (b) Progression-free
survival. (¢) Cumulative incidence of relapse. (d) Cumulative incidence of non-relapse
mortality. Shaded areas show the 95% confidence intervals.

O A aNN
O = WO ~NO=_2Ww

Hazard ratio
o
~

o
)

0.3

O = 2 NN
O = W a~NO=W

Hazard ratio
(]
Y

o
o

0.3

a) 0S
20 30 40 50 60 70 80
Age at ASCT (years)
model linear === spline
c) relapse

20 30 40 50 60 70 80

Age at ASCT (years)

model linear === spline

b) PFS
2.3
2.1
1.9
1.7
1.5
R
= 11
o
0.9
E
N 07
©
T
0.5
03
20 30 40 50 60 70 80
Age at ASCT (years)
model linear === gpline
d) NRM
2.3
21
1.9
1.7
1.5
13
o)
= 1.1
©
—
© 0.9
N 0.7
@
T
0.5
03
20 30 40 50 60 70 80
Age at ASCT (years)
model linear === spline



