
1708  |     Eur J Neurol. 2022;29:1708–1718.wileyonlinelibrary.com/journal/ene

Received: 7 November 2021  | Accepted: 2 February 2022

DOI: 10.1111/ene.15280  

O R I G I N A L  A R T I C L E

Autologous haematopoietic stem cell transplantation versus 
low- dose immunosuppression in secondary– progressive 
multiple sclerosis

Alice Mariottini1,2  |   Giovanni Bulgarini1 |   Benedetta Forci1 |   Chiara Innocenti3 |   
Fabrizia Mealli4,5 |   Alessandra Mattei4,5 |   Chiara Ceccarelli4 |   Anna Maria Repice2 |   
Alessandro Barilaro2 |   Claudia Mechi2 |   Riccardo Saccardi3 |   Luca Massacesi1,2

This is an open access article under the terms of the Creative Commons Attribution NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology.

The present work was carried out at the Careggi University Hospital, Largo Brambilla 3, 50134 Florence, Italy.  

1Department of Neurosciences, Drug 
and Child Health, University of Florence, 
Florence, Italy
2Department of Neurology 2 and Tuscan 
Region MS Referral Centre, Careggi 
University Hospital, Florence, Italy
3Cell Therapy and Transfusion Medicine 
Unit, Careggi University Hospital, 
Florence, Italy
4Department of Statistics, Computer 
Science, Applications “Giuseppe Parenti”, 
University of Florence, Florence, Italy
5Florence Centre for Data Science, 
Florence, Italy

Correspondence
Luca Massacesi, Department of 
Neurosciences Drug and Child Health, 
University of Florence, Florence, Italy.
Email: luca.massacesi@unifi.it

Abstract
Background and purpose: Effectiveness of autologous haematopoietic stem cell trans-
plantation (AHSCT) in relapsing– remitting multiple sclerosis (MS) is well known, but in 
secondary– progressive (SP)- MS it is still controversial. Therefore, AHSCT activity was 
evaluated in SP- MS using low- dose immunosuppression with cyclophosphamide (Cy) as 
a comparative treatment.
Methods: In this retrospective monocentric 1:2 matched study, SP- MS patients were 
treated with intermediate- intensity AHSCT (cases) or intravenous pulses of Cy (controls) 
at a single academic centre in Florence. Controls were selected according to baseline 
characteristics adopting cardinality matching after trimming on the estimated propensity 
score. Kaplan– Meier and Cox analyses were used to estimate survival free from relapses 
(R- FS), survival free from disability progression (P- FS), and no evidence of disease activity 
2 (NEDA- 2).
Results: A total of 93 SP- MS patients were included: 31 AHSCT, 62 Cy. Mean follow- up 
was 99 months in the AHSCT group and 91 months in the Cy group. R- FS was higher in 
AHSCT compared to Cy patients: at Year 5, 100% versus 52%, respectively (p < 0.0001). 
P- FS did not differ between the groups (at Year 5: 70% in AHSCT and 81% in Cy, p = 0.572), 
nor did NEDA- 2 (p = 0.379). A sensitivity analysis including only the 31 “best- matched” 
controls confirmed these results. Three neoplasms (2 Cy, 1 AHSCT) and two fatalities (2 
Cy) occurred.
Conclusions: This study provides Class III evidence, in SP- MS, on the superior effective-
ness of AHSCT compared to Cy on relapse activity, without differences on disability 
accrual. Although the suppression of relapses was observed in the AHSCT group only, 
AHSCT did not show advantages over Cy on disability, suggesting that in SP- MS disabil-
ity progression becomes based more on noninflammatory neurodegeneration than on 
inflammation.
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INTRODUC TION

The benefit– risk ratio of autologous haematopoietic stem cell trans-
plantation (AHSCT) in secondary– progressive (SP) multiple sclerosis 
(MS) is controversial, despite its high effectiveness in relapsing– 
remitting MS [1,2]. In SP- MS, almost none of the disease- modifying 
treatments (DMTs) currently available halt disability accrual [3], and 
the only DMT approved so far [4] showed a limited clinical effect [5].

Nonetheless, in the absence of better alternative therapeutic 
options, AHSCT has been widely used also for the treatment of ag-
gressive SP- MS, showing heterogeneous results [6,7].

In the absence of controlled trials, it is difficult to estimate the 
effectiveness of AHSCT in this MS phenotype mostly because, in 
AHSCT studies, patients affected by particularly aggressive disease 
course and harbouring potentially unfavourable outcomes are usu-
ally enrolled [8].

To provide further insight into the benefit– risk ratio of AHSCT 
in SP- MS, in this study the effectiveness and safety of AHSCT were 
compared in this MS phenotype with a control group of patients 
selected for similar characteristics at treatment baseline, and who 
received low- dose immunosuppression with intravenous (IV) cyclo-
phosphamide (Cy). Cy is an alkylating agent with an immunosuppres-
sive effect approved in Italy for the treatment of “the autoimmune 
diseases of the nervous system” [9], administered mostly in progres-
sive MS and considered as a therapeutic option also in countries 
with limited access to high- efficiency therapies [10– 12].

Hence, we present the comparative evaluation of effectiveness 
and safety of AHSCT and Cy in SP- MS, providing Class III evidence 
of superiority of AHSCT with respect to Cy in suppressing relapses, 
without differences on disability.

METHODS

A retrospective monocentric matched study was carried out in SP- 
MS patients treated with AHSCT (cases) or Cy (controls). The pa-
tients were exposed to the treatments between 1991 and 2018. 
Data were collected up to the last follow- up available; the database 
was locked on 31 May 2021.

SP- MS patients diagnosed according to the McDonald criteria 
[13,14] who had been consecutively enrolled in an open- label mono-
centric registry study on AHSCT in MS at the Careggi University 
Hospital in Florence (Italy), were included as cases. SP- MS patients 
who had been treated with Cy at the same centre were included as 
potential controls from whom a subsample of 1:2 matched controls 
was selected, as detailed below.

The design of the observational study through matching was 
blind to the clinical information related to the posttreatment 

outcome variables, which was linked to the matched observations 
only once the design phase was completed; this procedure provides 
objectivity for causal inference [15].

AHSCT procedure

Patients received AHSCT at the Cellular Therapies, Transfusion 
Medicine, and Transplant Unit of the Careggi University Hospital 
in Florence, in collaboration with the Tuscan Region MS Referral 
Centre of the same hospital. Briefly, mobilization of haematopoietic 
stem cells was obtained with IV Cy (4 g/m2 body surface area [BSA]) 
and granulocyte colony- stimulating factor. The intermediate inten-
sity conditioning regimen BEAM (carmustine, etoposide, cytarabine, 
and melphalan) + anti- thymocyte globulin (ATG) was then adminis-
tered [16]. Supportive therapies and clinical monitoring after AHSCT 
were carried out according to local practice.

Cy procedure

Patients were treated at the Tuscan Region MS Referral Centre of 
the Careggi University Hospital in Florence. Cy was IV administered 
at the dosage of 0.75 g/m2 BSA according to the following sched-
ule: monthly for the first year (12 administrations), then every other 
month in the second year of treatment (six administrations), and 
quarterly in the third year (four administrations). Ondansetron and 
1 g IV methylprednisolone were administered before every Cy infu-
sion; mesna was also consistently administered for the prevention of 
bladder toxicity.

Follow- up and outcomes

Neurological follow- up was performed at least yearly, or upon pa-
tient request according to clinical practice. Disability was assessed 
with the Expanded Disability Status Scale (EDSS) [17] by certified 
neurologists expert in MS. A relapse was defined as the exacerba-
tion of neurological symptoms attributable to MS, lasting at least 
24 h, in absence of fever or concomitant infection, associated with 
an objective modification at neurological examination.

EDSS worsening was defined as a confirmed increase of ≥1.0 
or 0.5 EDSS points if baseline EDSS was <5.5 or ≥5.5, respectively. 
Disability progression was defined as the occurrence of at least two 
distinct episodes of EDSS worsening, that is, maintenance of a pro-
gressive disease course, as previously reported [18]. No evidence of 
disease activity 2 (NEDA- 2) was defined as the absence of both re-
lapses and confirmed EDSS worsening.

K E Y W O R D S
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Long- term adverse events, including neoplasms, and deaths 
were reported up to the last follow- up available.

Statistical methods

The design phase of the study was performed by an independ-
ent group of statisticians, who were masked to all the outcome 
variables. The subsample of 1:2 matched controls was selected 
from a cohort of SP- MS patients treated with Cy using cardinality 
matching after trimming on the estimated propensity score (PS), 
using the following six covariates as confounders: sex, age, dis-
ease duration and EDSS at treatment start, number of relapses 
over the 2 years before treatment commencement, and the epoch 
of treatment (i.e., the year in which patients had received AHSCT 
or Cy, clustered in 5- year epochs). First, to improve overlap in the 
selected observed confounders, we estimated the PS for all pa-
tients using a logistic regression model and trimmed the sample 
by removing the control patients with values of the estimated 
PS lower than the smallest estimated PS for the AHSCT patients 
[19]. The remaining control patients were used as a donor pool, 
from which we selected a 1:2 matched control subsample of pa-
tients using a two- step procedure based on cardinality matching, a 
matching method that uses integer programming to find the larg-
est matched control sample that is balanced with respect to the 
observed covariates according to predetermined criteria speci-
fied before matching [20]. We implemented cardinality matching 
without replacement with constraints on the standardized mean 
difference (SMD)— the difference in average covariate values, 
normalized by the square root of the average of the two within- 
treatment group sample variances— for each included confounder. 
Specifically, we first used cardinality matching to select a subsam-
ple of 1:1 matched controls requiring that SMD for the EDSS at 
baseline was zero and SMDs for the other covariates were not 
greater than 0.1. We then removed the “best” matched controls 
and reapplied cardinality matching using data on the AHSCT pa-
tients and the remaining Cy patients to select another subsample 
of 1:1 matched controls (“second best” matched), by slightly relax-
ing the constraints on the SMDs; we required that SMD was not 
greater than 0.9 for all the covariates.

Baseline characteristics of the patients included are reported as 
mean and SD. Comparisons between the groups were performed 
using t- test for unpaired samples. Survival free from the event was 
estimated using the Kaplan– Meier analysis; a Cox regression model 
was applied to adjust estimates of survival for age and progressive 
phase duration at treatment start, and number of DMTs received 
before AHSCT or Cy.

A sensitivity analysis including as controls only the “best” 
matches (Cy- Sensitivity group) was also performed.

As discontinuation of treatment was observed in the Cy group 
only, following the International Council for Harmonisation of 
Technical Requirements for Registration of Pharmaceuticals for 
Human Use (ICH) E9(R1) addendum [21], the outcomes in this 

group were analysed considering both the whole follow- up pe-
riod after the first dose, irrespective of treatment discontinua-
tion (Intention- To- Treat– (ITT)/policy strategy), and the treatment 
epoch only, censoring cases at the time of the last administration 
of Cy (hypothetical strategy), assuming independent censoring 
conditional on the covariates. A two- tailed p- value of <0.05 was 
considered significant. The software programs used for statistics 
were SPSS and R.

Standard protocol approval and patient consent

The protocol was approved by the local ethics committee (Tuscan 
regional ethics committee for clinical experimentation; approval 
number 17696_oss); written informed consent was collected accord-
ing to local regulations.

RESULTS

Patient characteristics

SP- MS patients treated with AHSCT (n = 31) were matched with con-
trols (n = 62) selected from a cohort of SP- MS patients treated with 
Cy (n = 108), as detailed in the Methods section (Figure 1). Because 
of the matching design, baseline features did not differ between 
the two groups, except for age at treatment (mean = 39.3 years, 
SD = 7.27 in the AHSCT and 42.8 years, SD 7.09 in the Cy group, 
p = 0.029) and for the number of previous DMTs received (mean 
= 3.0 vs 1.3 in the AHSCT and Cy groups, respectively, p < 0.001; 
Table 1). The mean follow- up duration was 99 months (range = 24– 
238) for the AHSCT group and 91 months (range = 7– 285) for the Cy 
group (p = 0.346).

Cy treatment discontinuation

Treatment with Cy was discontinued in 26 of 62 (42%) patients in 
the Cy group before the completion of the 3- year cycle. Reasons for 
discontinuation were lack of efficacy (15/26, 58%), adverse events 
(10/26, 38%), and pregnancy (1/26, 4%; data not shown).

Relapses

Following treatment, no relapses were reported in the AHSCT pa-
tients; relapse- free survival (R- FS) was higher in this group (100% at 
all the timepoints) compared to the Cy group, in both the treatment 
epoch (71% at Year 2, p < 0.0001; Figure 2a) and the whole follow-
 up (52% at Year 5, p < 0.0001; Figure 2b.)

During the first 2 years following treatment start, annualized re-
lapse rate (ARR) was reduced in both groups compared to the rate 
observed in the 2 years before treatment start: from 0.56 (SD = 0.63) 
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to 0.00 (SD = 0.00) in AHSCT and from 0.46 (SD = 0.44) to 0.20 
(SD = 0.37) in Cy patients (p < 0.0001), being the on- treatment ARR 
lower in the AHSCT group compared to the Cy group (p < 0.001; 
Figure 2c).

Disability

During the whole follow- up, EDSS worsening- free survival (W- FS) 
at Year 5 was 45% for AHSCT patients and 48% for Cy patients 

F I G U R E  1  Patient inclusion diagram. Secondary– progressive multiple sclerosis (SP- MS) patients treated with autologous haematopoietic 
stem cell transplantation (AHSCT; n = 31) were matched with control patients selected from a cohort of 108 SP- MS patients treated with 
cyclophosphamide (Cy) using six covariates as confounders. After estimating propensity score (PS) for all patients, the sample of Cy patients 
was trimmed by removing 43 patients with values of the estimated PS lower than the smallest estimated PS for the AHSCT cases. The 
remaining 65 control patients were used as a donor pool, from which a subsample of 31 matched controls was selected with cardinality 
matching (“best” matched controls). These controls were then removed from the donor pool, and cardinality matching was reapplied to 
the residual donor pool to select another subsample of 31 matched controls, by slightly relaxing the constraints on the standardized mean 
differences (“second best” matched controls). All the 62 matched controls were included in the primary analysis; a sensitivity analysis was 
then performed including the 31 “best” matched controls only

TA B L E  1  Baseline clinical and demographic characteristics of secondary– progressive multiple sclerosis patients included in AHSCT and 
matched Cy groups

Characteristic
AHSCT, n = 31, 
mean (SD)

Cy, n = 62, 
mean (SD) p

Age, years 39.3 (7.27) 42.8 (7.09) 0.029

Disease duration, years 13.7 (5.28) 13.8 (6.73) 0.963

Progressive phase duration, years 3.6 (2.67) 2.7 (3.55) 0.225

Previous treatment duration, years 8.5 (5.43) 6.9 (4.76) 0.174

Previous DMTs, n 3.0 (1.30) 1.3 (0.99) <0.001

Annualized relapse rate in the previous 2 years 0.56 (0.63) 0.46 (0.44) 0.409

Progression index pretreatment 0.49 (0.18) 0.64 (0.79) 0.151

EDSS 5.9 (0.87) 5.7 (1.01) 0.392

Year of treatment 2009 (5.6) 2007 (5.2) 0.112

n (%) n (%) p

Sex, female 23 (74%) 38 (61%) 0.217

Cases with ≥1 relapse over the previous 2 years 17 (55%) 41 (66%) 0.289

Cases naïve to treatment 0 (0%) 11 (18%) 0.013

Cases who had received highly active DMTs 13 (42%) 3 (5%) 0.0001

Note: Highly active DMTs include the following: fingolimod, natalizumab, rituximab.
Abbreviations: AHSCT, autologous haematopoietic stem cell transplantation; Cy, cyclophosphamide; DMT, disease- modifying treatment; EDSS, 
Expanded Disability Status Scale.
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(p = 0.717; Figure 3a). During the treatment epoch, W- FS at Year 2 
was 55% in the AHSCT group and 73% in the Cy group (p = 0.084; 
data not shown). During the whole follow- up, survival free from 
disability progression (P- FS) at Years 3 and 5 was 84% and 70% in 
the AHSCT group, and 89% and 81% in the Cy group, respectively 
(p = 0.572; Figure 3b). P- FS at Year 2 during the treatment epoch 
was 97% in the AHSCT group and 91% in the Cy group (p = 0.301; 
data not shown).

To assess the robustness of these results, a Cox regression anal-
ysis was conducted further adjusting the estimates of survival for 
the three variables that were not well balanced between the groups 
(Table 2). Cox estimates of W- FS and P- FS did not differ between the 

groups during both the treatment epoch (p = 0.441 and p = 0.419, 
respectively; data not shown) and the whole follow- up (p = 0.924 
and 0.320, respectively; Figure 3c,d).

A suggestion for superior P- FS in AHSCT compared to Cy pa-
tients was observed (hazard ratio [HR] = 0.65, 95% confidence in-
terval = 0.28– 1.52, p = 0.320), equivalent to a 35% reduction in the 
risk of progression.

EDSS deteriorated at Month 36 compared to baseline in the 
AHSCT group only (p = 0.017), whereas at the last follow- up it in-
creased in both groups (p < 0.001 for the AHSCT and <0.0001 for 
the Cy groups; Figure 4a). The progression index following treatment 
commencement and EDSS at last follow- up did not differ between 

F I G U R E  2  (a) Relapse- free survival (R- FS) following autologous haematopoietic stem cell transplantation (AHSCT; red) and treatment 
with cyclophosphamide (Cy; blue) during the treatment epoch was higher in AHSCT compared to Cy patients: 100% versus 55% at Year 
3, respectively, p < 0.0001. (b) R- FS over the whole follow- up period following treatment start was higher in the AHSCT group compared 
to the Cy group: 100% and 52% at Year 5, respectively (p < 0.0001). The number of patients in observation at each timepoint is reported 
below the corresponding chart. (c) Annualized relapse rate (ARR) over 2 years prior to treatment start (blue) and during the first 2 years of 
treatment (red) in the AHSCT (right panel) and Cy (left panel) groups. ARR dropped in both groups (p < 0.0001) following treatment start. 
Pretreatment ARR did not differ between the two groups (p = 0.574), but ARR on treatment was lower in the AHSCT group compared to the 
Cy group (p < 0.001), suggesting that only AHSCT was able to induce the complete suppression of new inflammatory activity [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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the groups (p = 0.509 and p = 0.064, respectively; data not shown). 
At last follow- up, EDSS ≥ 8 was observed in two of 31 (6%) and in 
11 of 62 (18%) cases in the AHSCT and Cy groups, respectively 
(p = 0.127; Figure 4b).

No evidence of disease activity 2

During the whole follow- up, NEDA- 2 survival at Year 5 was 45% and 
36% in the AHSCT and Cy groups, respectively (p = 0.379; Figure 4c). 
In the treatment epoch, NEDA- 2 survival at Year 2 was 55% in the 

AHSCT group and 59% in the Cy group (p = 0.815; data not shown). 
Cox estimates of NEDA- 2 survival did not differ between the groups 
during both the treatment epoch (p = 0.904; data not shown) and the 
whole follow- up (p = 0.311; Figure 4d).

Sensitivity analysis

Thirty- one AHSCT and 31 Cy- Sensitivity controls were included 
(Table S1). No differences were observed between the two groups 
except for the number of previous DMTs used (p < 0.001). R- FS was 

F I G U R E  3  (a) Expanded Disability Status Scale worsening- free survival (W- FS) following autologous haematopoietic stem cell 
transplantation (AHSCT; red) and start of treatment with cyclophosphamide (Cy; blue) up to the last follow- up available. W- FS at Year 3 was 
45% in the AHSCT and 64% in the Cy group; at Year 5, it was 45% and 48%, respectively (p = 0.717). (b) Disability progression- free survival 
(P- FS) over follow- up did not differ between the AHSCT group and the Cy group, being at Year 5 following treatment commencement 70% 
and 81%, respectively (p = 0.572). The number of patients in observation at each timepoint is reported below the corresponding chart. (c, d) 
Cox estimated distribution of W- FS (c) and P- FS (d) in the AHSCT and Cy groups, adjusted for age at treatment, progressive phase duration, 
and number of previous disease- modifying treatments received. No differences were observed between the two groups in both the 
analyses (p = 0.924 and p = 0.320, respectively). These data indicate no differences of effectiveness on disability worsening and on disability 
progression between the treatments. However, after applying the Cox model, a hint of higher effectiveness of AHSCT can be observed, 
suggesting insufficient power of this study for this outcome measure [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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superior in the AHSCT cases compared to the Cy- Sensitivity con-
trols, being 100% versus 36%, respectively, at Year 3 (p < 0.0001; 
data not shown). W- FS did not differ between the groups: in the 
AHSCT patients 45% at both Years 3 and 5, and in the Cy- Sensitivity 
patients 55% at Year 3 and 39% at Year 5 (p = 0.795; Figure S1a). 
P- FS was similar in the two groups: at Year 3, 84% in the AHSCT 
group and 89% in the Cy- Sensitivity group; at Year 5, P- FS was 70% 
in the AHSCT group and 77% in the Cy- Sensitivity group (p = 0.397; 
Figure S1b) NEDA- 2 survival at Year 3 was 45% in the AHSCT group 
and 39% in the Cy group; at Year 5, it was 45% and 28%, respectively 
(p = 0.231; data not shown). After applying the Cox model, no dif-
ferences were observed between groups in estimates of both W- FS 
and P- FS (p = 0.931 and 0.475, respectively; Figure S1c,d).

Long- term adverse events and mortality

In the AHSCT group, early adverse events were aligned with those 
reported in the literature [22]; three autoimmune thyroiditis (10%) 
cases were diagnosed over follow- up.

Three patients were diagnosed with a malignant neoplasm: one 
of 31 (3%) in the AHSCT group (myeloproliferative disorder at Year 
12), two of 62 (3%) in the Cy group (one Hodgkin lymphoma at Month 
10 and one kidney cancer at Year 15; p = 1.000). One additional pa-
tient in the Cy group showed a persistent increase of the neoplasm 
marker Ca- 125, but investigations for neoplasms were negative.

Two deaths occurred, both in the Cy group; a male aged 60 years 
died at Year 17 of follow- up due to pneumonia, and a woman aged 
45 years passed away at Year 8 of follow- up for intracerebral hae-
morrhage with thrombocytopenia following splenectomy for spleen 
infarct. No fatalities were reported in the AHSCT group.

DISCUSSION

In this study, the effectiveness of AHSCT in SP- MS was compared to 
that of low- dose immunosuppression with IV Cy, using relapses and 
disability as main outcome measures. The hypothesis that AHSCT 
could modify the disease phenotype (i.e., interrupt progressive dis-
ease by the induction of a prolonged stabilization of disability) was 
also explored, adopting a different outcome measure of progression.

Thirty- one SP- MS patients consecutively treated with 
intermediate- intensity AHSCT in an open- label monocentric study 
were therefore included as cases and matched using cardinality 
matching with 62 controls selected from a cohort of 108 SP- MS pa-
tients treated with Cy, a drug used over the past 3 decades in SP- MS 
supported by the evidence provided by previous studies [11,23– 
25]. Controls were selected among patients who had received an 
active treatment rather than among those untreated for three main 
reasons: (1) this treated cohort was followed with a frequency and 
accuracy higher than any untreated one; (2) by definition, treated 
patients had a higher “propensity” to receive a treatment than the 
untreated ones; their choice can thus mitigate potential differences 
in baseline characteristics between the groups that could bias 
against the AHSCT arm; and (3) in our opinion, it is more appropriate 
to compare AHSCT patients with those receiving an alternative ac-
tive treatment rather than with an untreated cohort of patients, also 
given the recent approval of a DMT for SP- MS [4]; however, includ-
ing a comparator group of patients treated with this latter DMT was 
not feasible, as the drug was licensed in Italy in 2021 and, to date, 
only a few patients with short follow- up duration have received this 
treatment at our centre.

After matching, baseline characteristics were well balanced be-
tween the groups, except for age at treatment and the number of 
previous DMTs; this could be explained by a selection bias in the 
AHSCT cases, selected for the particularly aggressive disease course 
associated with a rate of treatment failure higher than the Cy pa-
tients, as this criterion was required for inclusion in the transplant 
program.

Complete suppression of relapses was observed in the AHSCT 
group only, to an extent similar to that reported by studies on high- 
intensity regimen AHSCT [26], and R- FS was higher in the AHSCT 
than in the Cy group. A remarkable reduction in ARR compared 
to pretreatment was observed in both the groups, which could in 
part be due to a regression toward the mean— especially in the Cy 
group. On the other hand, no differences were observed between 
the groups regarding W- FS, with rates aligned with the literature 
[6,27,28].

Even if W- FS is the most frequently used outcome measure for 
the evaluation of treatment failure in SP- MS, it does not account 
for the occurrence of further disability accrual following the first 
episode of EDSS worsening, an event that might more properly 

TA B L E  2  Cox regression model for estimates of survival free from EDSS worsening and disability progression, and NEDA- 2 survival 
during the whole follow- up

Variable

EDSS worsening Disability progression NEDA- 2

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Group, AHSCT 0.96 (0.46– 2.03) 0.924 0.65 (0.28– 1.52) 0.320 0.69 (0.34– 1.41) 0.311

Age at treatment, years 1.02 (0.98– 1.06) 0.229 1.01 (0.97– 1.06) 0.588 1.02 (0.98– 1.05) 0.357

SP phase duration, years 1.01 (0.93– 1.09) 0.729 0.99 (0.89– 1.10) 0.848 0.99 (0.92– 1.07) 0.936

Previous DMTs, n 1.17 (0.91– 1.50) 0.214 1.23 (0.93– 1.64) 0.150 1.15 (0.90– 1.46) 0.265

Abbreviations: AHSCT, autologous haematopoietic stem cell transplantation; CI, confidence interval; DMT, disease- modifying treatment; EDSS, 
Expanded Disability Status Scale; HR, hazard ratio; NEDA- 2, no evidence of disease activity 2; SP, secondary progressive.
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describe the effect of treatments, perhaps optimally assessing 
whether the progressive disease course typical of SP- MS is some-
how modified by a DMT. The hypothesis that AHSCT might inter-
rupt progressive disease course was therefore explored adopting 
a different outcome measure of progression, defined as the occur-
rence of at least two distinct episodes of confirmed disability accrual 
(P- FS). No differences in this outcome were observed between the 
groups, and the proportion of cases showing stabilization of disabil-
ity either at the baseline level or after a single- step worsening was 
70% in the AHSCT group and 81% in the Cy group at Year 5. In an 

aggressive MS population such as that selected in AHSCT studies, 
such an event might be considered a treatment response— although 
suboptimal— rather than a treatment failure. However, given the 
nonlinear nature of the EDSS and the variable time required for the 
transition from one EDSS step to another, this outcome could only 
be evaluated over a considerably long follow- up. In this regard, we 
believe that the retrospective observation of a mean of 8 years in 
the present study allowed for a proper application of this outcome.

To exclude potential biases due to residual differences in base-
line characteristics that persisted even after the matching, a Cox 

F I G U R E  4  (a) Distribution of Expanded Disability Status Scale (EDSS) at baseline, at Month 36 following treatment start, and at last 
follow- up available in the autologous haematopoietic stem cell transplantation (AHSCT; right panel) and cyclophosphamide (Cy; left panel) 
groups. EDSS deterioration was observed at Month 36 compared to baseline in the AHSCT group (p = 0.017) and at last follow- up compared 
to baseline in both groups (p < 0.001 and <0.0001 for the AHSCT and Cy groups, respectively). (b) Proportion of patients with a definite 
EDSS at baseline and last follow- up in the two groups. No differences in distribution were observed; at last follow- up, the proportion of 
the patients with EDSS ≥ 8 was 6% in the AHSCT group and 18% in the Cy group, p = 0.127. (c) No evidence of disease activity 2 (NEDA- 2) 
survival (i.e., survival free from both relapses and EDSS worsening) did not differ between groups, being at Year 5 following treatment start 
45% in the AHSCT and 36% in the Cy group (p = 0.379). (d) Cox estimated distribution of NEDA- 2 survival in the AHSCT and Cy groups, 
adjusted for age at treatment, progressive phase duration, and number of previous disease- modifying treatments received. No differences 
were observed between the groups, p = 0.311 [Colour figure can be viewed at wileyonlinelibrary.com]
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regression model was applied. After this correction, minimal— 
statistically nonsignificant— differences between groups emerged in 
the estimates of P- FS. The size of the effectiveness of AHSCT versus 
Cy on P- FS (HR = 0.65) was remarkable but did not reach statistical 
significance; this might be due to of the low power of the study due 
to the small sample size. Nonetheless, these data might be useful as 
an estimate for power calculation of future randomized clinical tri-
als (RCTs) evaluating these outcomes in SP- MS, an experiment that 
nowadays can be done with active comparators only because of ap-
proval of DMT for SP- MS.

At last follow- up, disability increased compared to baseline 
in both the groups without differences. However, suggestion of a 
higher frequency of the worse disability scores was observed in Cy 
patients compared to AHSCT.

To assess the robustness of the main results, a sensitivity analy-
sis including the “best” matched controls only was performed, con-
firming the primary analysis.

These data indicate that in the patient population studied, 
AHSCT is remarkably superior to an immunosuppressive ac-
tive comparator with a similar bioavailability in the central ner-
vous system (CNS), on an inflammation- associated outcome such 
as relapses, but on disability the difference— if present— seems 
marginal. The reason for this apparent paradox can be inferred 
by the current pathogenetic hypothesis that disability accrual 
in progressive MS seems to be more degeneration- driven than 
inflammation- driven [29]. However, the mutual relationship be-
tween neurodegeneration and inflammation is still debated 
[30,31], and a chronic form of inflammation compartmentalized in 
the CNS seems to be the main driver for disability accrual, particu-
larly in advanced disease [32,33]. We can therefore speculate that 
the administration of high doses of lipophilic drugs such as those 
included in the BEAM protocol, or Cy, might cross the blood– brain 
barrier [34,35] and act on compartmentalized inflammation, thus 
affecting the potential contribution of this latter to disability ac-
crual. In this study, AHSCT did not show any advantages over Cy in 
disability worsening, but a hint of clinically meaningful superiority 
was observed in the estimates of P- FS, with potential benefit in 
severe disability and mortality over long- term follow- up, although 
this observation warrants further investigations. In the absence 
of factors predictive of treatment response that allow the identi-
fication of SP- MS patients who could gain benefit from the proce-
dure, in our opinion AHSCT might be offered to selected SP- MS 
patients who did not respond to alternative treatment options and 
who are at low risk of postprocedural complications, according to 
the judgment of the multidisciplinary team of the transplant cen-
tre. The lack of differences between groups in disability outcomes 
might be due either to ineffectiveness or to a possible, although 
mild, similar effectiveness of both the treatments on disability 
accrual. Supporting this latter hypothesis is the observation that 
Cy exerted a quite identical effect on both relapses and disabil-
ity compared to mitoxantrone in an open- labelled head- to- head 
study in SP- MS [25], and that this latter treatment showed supe-
rior effectiveness compared to placebo in an RCT with SP- MS [36]. 

However, a definite answer to this issue could be provided only by 
a matched untreated or “best- treated” comparator group, and this 
was not feasible for the reasons stated above.

The safety profile of AHSCT was, overall, acceptable, and no fa-
talities were observed up to the last follow- up, whereas two deaths 
occurred in the Cy group many years after treatment, which does 
not suggest direct toxicity of the medication. Three cases of ma-
lignancies were reported overall. The occurrence of haematolog-
ical malignancies might be correlated with the administration of 
chemotherapy- based treatments, including treatments adminis-
tered before the transplant, but to our knowledge, no conclusive ev-
idence is available so far on the increased risk of malignancies linked 
to DMTs or AHSCT for MS, and further investigations are needed to 
properly solve this relevant issue [6,37].

Our study has several limitations. First of all, its observational 
design does not allow the complete exclusion of residual unknown 
confounders, and therefore potential inclusion biases might re-
main unbalanced between the two groups, despite the matching. 
However, potential confounders had been accurately selected. 
Moreover, the study was accurately designed, generating a dataset 
that was matched blind to the outcome variables. In addition, the 
sensitivity analyses performed confirm the robustness of the re-
sults. Given that the covariates that are still unbalanced or are unob-
served should plausibly lead to an underestimation of the beneficial 
effect of AHSCT, the results that were obtained could be considered 
as a lower bound for the true effect.

In conclusion, this study shows that in SP- MS AHSCT is supe-
rior to Cy in suppressing relapses, without statistically significant 
differences in disability progression. On this latter outcome, high- 
intensity immunosuppression does not seem to give advantages 
over low- dose immunosuppression, confirming that in SP- MS pro-
gression may become independent from relapses [38], as it is prob-
ably based more on neurodegeneration than on new inflammation. 
However, the hint of superior efficacy of transplant detected on the 
P- FS outcome does not exclude a potential benefit of the procedure 
in selected cases, and it supports the feasibility of RCTs comparing 
AHSCT with available DMTs, as these studies only can provide con-
clusive evidence on this issue.
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