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Abstract

Background: The last few decades have seen the approval of many new treatment options for Relapsing-Remitting
Multiple Sclerosis (RRMS), as well as advances in diagnostic methodology and criteria. These developments have
greatly improved the available treatment options for today’s Relapsing-Remitting Multiple Sclerosis patients. This
increased availability of disease modifying treatments, however, has implications for clinical trial design in this thera-
peutic area. The availability of better diagnostics and more treatment options have not only contributed to progres-
sively decreasing relapse rates in clinical trial populations but have also resulted in the evolution of control arms, as
it is often no longer sufficient to show improvement from placebo. As a result, not only have clinical trials become
longer and more expensive but comparing the results to those of “historical”trials has also become more difficult.

Methods: In order to aid design of clinical trials in RRMS, we have developed a simulator called MS TreatSim which
can simulate the response of customizable, heterogeneous groups of patients to four common Relapsing-Remitting
Multiple Sclerosis treatment options. MS TreatSim combines a mechanistic, agent-based model of the immune-based
etiology of RRMS with a simulation framework for the generation and virtual trial simulation of populations of digital
patients.

Results: In this study, the product was first applied to generate diverse populations of digital patients. Then we
applied it to reproduce a phase lll trial of natalizumab as published 15 years ago as a use case. Within the limitations
of synthetic data availability, the results showed the potential of applying MS TreatSim to recreate the relapse rates of
this historical trial of natalizumab.

Conclusions: MS TreatSim's synergistic combination of a mechanistic model with a clinical trial simulation framework
is a tool that may advance model-based clinical trial design.

Keywords: Relapsing-Remitting Multiple Sclerosis, In silico trials, Digital patient, Computational modeling and
simulation, Study design

Background
In the past decade, the landscape of Relapsing-Remitting
Multiple Sclerosis (RRMS) treatment has been trans-
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selection of first- and second-line therapies available for
RRMS means there are multiple treatment options avail-
able for patients with both mild and moderate disease.
Simultaneously, earlier and more sensitive diagnosis of
RRMS has been facilitated by improvements in diagnos-
tic criteria and methodology [3].

These developments have led to increased options and
a better outlook for patients. However, they have also
complicated not only treatment planning for RRMS, but
also designing and executing successful clinical trials for
new DMTs [4]. Firstly, with so many efficacious treatment
options available, new DMTs are less often tested against
placebo, but rather need to show a benefit with respect to
existing DMTs. Second, the availability of more sensitive
diagnosis and more effective treatment have resulted in
a change in the typical clinical trial population—current
trial populations generally consist of patients with lower
annual relapse rates and less advanced disease than pop-
ulations in historical trials [4].

These changes influence trial design in several differ-
ent ways. A milder disease with fewer relapses results in
the necessity for longer, larger, and thus more expensive
clinical trials. Additionally, determining the optimal trial
design is complicated by the fact that extrapolating the
effect of the existing medication currently used in control
arms from “historical” patients’ populations to patients’
populations included in today’s trials can be a challenge.

To support clinical trial design optimization and there-
fore to increase drug development programs success
chances we have developed MS TreatSim, a web-based
product which leverages a mechanistic, agent-based
model of the immune system and its dysregulation in
RRMS [5, 6]. The product includes mechanisms of action
(MoA) and quantitative effects for four commonly used
RRMS treatments (IFNP-1a, teriflunomide, natalizumab
and ocrelizumab) at various doses and regimens. Here,
we show that the simulator can be used to select hetero-
geneous patients’ populations with a tailored level of dis-
ease severity, allowing the user to switch between mild
and moderate disease stages and to investigate the effects
of existing drugs. Finally, in this use case, we illustrate
how the simulator can be used to reproduce a historical
trial by simulating and reproducing the relapse rates of
the AFFIRM phase III trial on natalizumab [7].

Methods

MS TreatSim (InSilicoTrials Technologies SpA, mstreat.
insiliconeuro.com) is a web-based product available on
the cloud-based InSilicoTrials.com platform [8]. The plat-
form exploits Microsoft Azure infrastructure to allow
large-scale simulations with real world computation
times of minutes to hours [9]. MS TreatSim is available
through a Software as a Service (SaaS) delivery model,
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with pay-per-use pricing (additional information on tool
access can be found at https://insilicotrials.com/mstre
atsim).

MS TreatSim creates groups of digital patients (DPs),
to which customizable simulation workflows reflecting
selected treatment plans are applied. MS TreatSim lev-
erages a mechanistic model of the immune system, the
auto-immune response that characterizes RRMS, and
four commonly prescribed treatment options.

The simulation framework and the mechanistic model
underlying MS TreatSim

The model was built in the Universal Immune System
Simulator (UISS) framework [10]. UISS incorporates a
detailed model of the innate and adaptive immune sys-
tem, implemented using the agent-based modelling para-
digm. The framework has been employed to simulate and
support a variety of pathogen responses, vaccine mecha-
nisms and immune disorders, including tuberculosis vac-
cination [11, 12], citrus-derived vaccine adjuvants [13],
and COVID-19 infection and vaccination [14, 15], and
has undergone various validation and verification proce-
dures [16]. The framework is flexible and multifunctional,
allowing expansion of the basic immune functionality to
specific disease pathology and treatment MoA [10].

In UISS, cells of the immune system are modelled as
agents—entities that are followed in an individual way.
Such an implementation allows a realistic representa-
tion of the complex interactions and stochasticity of the
human immune system. The model incorporates the
interactions and behaviors of the main lymphocytes of
the immune system, including B cells, T helper cells, T
regulatory cells, cytotoxic T cells, and natural killer cells.
The flexible agent-based core is modelled on a spatial grid
and combined with a binary string-based implementa-
tion of receptor ligand binding, hematopoiesis and thy-
mus selection, and cytokine signaling.

For application to RRMS, the model was extended
with the basic components and tissues of multiple scle-
rosis [5]. Spatially, the RRMS model includes a white
matter compartment, populated with oligodendro-
cytes. These oligodendrocytes may be attacked by the
immune cells via the auto-immune response to the
oligodendrocyte-associated self-antigen. In the simula-
tion, the recognition of such self-antigens is triggered
by an event replicating an Epstein-Barr Virus infection
[5, 17]. Reductions in oligodendrocyte numbers as a
result of auto-immune events are interpreted as relapses.
Immune heterogeneity and the main characteristics
determining disease severity (e.g. age of onset, lesion
load, oligoclonal band status) are incorporated via cali-
brated model settings and parameters, so that the final
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model provides an individualized, tailored, simulation of
RRMS. Further details are reported in [5, 11, 12, 14, 16,
18].

Finally, treatment for RRMS is implemented by incor-
porating the mechanism of four commonly prescribed
DMTs (IEN-Pla, teriflunomide, natalizumab or ocre-
lizumab) at the (sub-)cellular level. Natalizumab, for
example, is implemented via its net effect on leukocyte
migration in the white matter compartment [5]. Since
treatments are incorporated via their mechanisms, the
personalized effects of treatment simulated with the
model are expressed not only in terms of high-level
statistics like the relapse rate, but also on the underly-
ing immune dynamics. Additional model details can be
found in [5].

MS TreatSim, combines the UISS-based model with
a simulation framework for in silico trial simulation
(Fig. 1). The simulation framework converts user inputs
(top row Fig. 1) to in silico trial outputs (bottom row
Fig. 1) through several steps. In MS TreatSim, each DP
taking part in an in silico trial consists of a personalized
model instance. To set up a trial, several user inputs are
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required: the characteristics defining the population of
DPs, the inclusion and exclusion population selection
criteria, the groups, group sizes and treatments to be
simulated in the trial, and finally the trial’s timelines and
additional interim clinical endpoints analyses during the
trial.

The patients’ population base characteristics the user
may define (Fig. 2) include lesion load (user may select
high, low/medium, or 50% chance of high), oligoclonal
band status (user may select present, not present, or 90%
chance of presence) and age of onset (distributed over the
categories of 18-29/30-39/40-49 years). These charac-
teristics have been mapped to model parameters through
a calibration and validation process [5], and so can be
used to set up individualized models. Further model set-
tings include immune system initialization parameters
and disease duration. Patients” inclusion/exclusion selec-
tion criteria, finally, mirror disease activity criteria that
represent common selection criteria for RRMS clinical
trials.

To simulate the trial, the user-defined patients’ popu-
lation base characteristics are firstly translated into a
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Fig. 1 MS TreatSim workflow. In the first step, the user sets up the simulation by selecting population characteristics and inclusion/exclusion
selection criteria (see also Fig. 2). Next, the user defines the trial groups and treatment strategies to be simulated and compared. Finally, the user
defines the trial timelines including its duration and any additional intermediate analysis milestones of the trial. MS TreatSim'’s simulation framework
next generates DPs based on the defined population and includes them into the digital patient groups. Finally, each DP is simulated individually
according to the group’s treatment of choice. The outputs generated by MS TreatSim are built on the individual simulations of each DP and are
displayed in terms of clinical endpoints descriptive statistics, individual profiles, bubble and Kaplan-Meier plots
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Fig. 2 Digital patients'population set-up: first step in MS TreatSim workflow. The user selects the distributions of base characteristics in the
population (high vs low/medium lesion load, oligoclonal bands presence, age of onset, and disease duration in the population). In the panel
disease activity, the user selects the criteria by which the DPs will be included or excluded

simple uniformly distributed statistical model of base
characteristics distributions. This statistical model is
used to create heterogeneous individual models with the
aid of random sampling. Next, the inclusion and exclu-
sion criteria are applied for DP inclusion. The included
DPs are then randomised into the pre-defined groups
and prepared for simulation. Finally, each DP is simu-
lated according to the protocol defined by the treatment
options and timelines.

As a last step, the individual simulations in each group
are analyzed and used to generate high-level statistics
on clinical endpoints for the different patients’ groups.
In addition, the underlying detailed and time continu-
ous DPs allow the user to zoom in to individual details or
immune variables.

Application of MS TreatSim to create heterogeneous digital
patients’ populations

To demonstrate how changing MS TreatSim selection
criteria leads to digital patients’ populations that behave
differently, we chose and set up two distinct popula-
tions (Populations 1 and 2). For the creation of Popula-
tion 1, we selected DPs with an age of disease onset in
the categories 30-39 and 40-49 years and high lesion
load, whereas Population 2 was generated with age of
onset in the youngest category (18-29 years) and a low/
medium lesion load. All DPs in Populations 1 and 2 were

simulated for 5 years, and only DPs that had developed
relapses (and thus RRMS symptoms) in that period were
selected. Finally, 200 DPs were included in Population
1 (58% of simulations had at least 1 relapse), and 200 in
Population 2 (59% of simulations had at least 1 relapse).

Historical trial for natalizumab

Results of the AFFIRM clinical trial for natalizumab
[7] were first published 15 years ago. In this phase III
trial, the treatment group consisted of 627 patients who
received 300 mg of natalizumab every 4 weeks. The
control group was a placebo group, consisting of 315
patients. After 104 weeks of treatment, 67% of the treat-
ment group remained relapse free, compared to 41%
of the control group. This was accompanied by a 68%
reduction in annual relapse rate, an 83% reduction in T2
weighted lesions determined by MRI, and a 92% reduc-
tion in gadolinium-enhanced lesions. Due to lack of raw
trial data availability, the recreation focused on recreat-
ing the design and the global characteristics of the trial as
published in [7].

Application of MS TreatSim to recreate a historical trial

As a case study to illustrate the application of the prod-
uct, the AFFIRM clinical trial for natalizumab was repro-
duced with MS TreatSim. Two groups of DPs that mirror
the historical population were created with a treatment
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control ratio of 2:1, mirroring the AFFIRM trial [7]. The
inclusion criteria and base characteristics of the in silico
trial were chosen to reproduce the base characteristics in
the AFFIRM trial [7]; the age of onset distribution was set
to 49.4%: 36.2%: 14.4% (18-29, 30-39 and 40-49 years),
lesion load was set to Aigh and oligoclonal bands status
to present for all DPs, simulation duration prior to the
trial was set at 5 years, and DPs were only included if they
had experienced at least one relapse in the year preceding
inclusion, but not in the final month. The natalizumab
group (n=_80) was treated in silico with 300 mg of natali-
zumab every 4 weeks for 104 weeks, while the control
group (n=40) remained treatment naive.

Statistical analysis

Statistical analysis of the digital patients from Popula-
tions 1 and 2 was performed in R. Tests were performed
to determine whether the immune variables were from
the same distribution using the two sample Kolmogorov—
Smirnov test [19] and to compare the distributions medi-
ans using a two-sided Wilcoxon Rank Sum test [20]. The
95% confidence intervals for the Kaplan—Meier estima-
tors were calculated by means of Greenwood’s formula
[21], and plotted with the aid of the lifelines [22] pack-
age in python. In the in silico trial, all trial durations were
assumed to be maximal and patients were not censored.

Results

In this section, the results obtained for the two applica-
tions described above—the generation of heterogeneous
digital patients’ populations, and the recreation of the
main characteristics of a historical trial, will be presented
and discussed.

Application of MS TreatSim to create heterogeneous digital
patients’ populations

To test how heterogeneous populations generated by MS
TreatSim can be, two distinct populations—Populations
1 (older age of onset categories, high lesion load) and 2
(youngest age of onset category, low/medium lesion load)
were generated. Each population consisted of 200 DPs. In
Fig. 3, the resulting relapse rates (Fig. 3A) and immune
system dynamics (Fig. 3B-D) including the statistical
results are displayed.

The results show a clear shift in relapse rates and sta-
tistically significant differences (p<0.001) in distribu-
tions and medians for the immune variables as a result
of the different base characteristics—mirroring two dis-
tinct subpopulations of RRMS patients with differences
in (mean) disease activity. Moreover, the results also
clearly show that the model allows for a large patient’s
heterogeneity.
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Application of MS TreatSim to recreate a historical trial

As a test case for the recreation of a historical trial, the
AFFIRM clinical trial for natalizumab was recreated
[7]. In the phase III trial AFFIRM, the dose was 300 mg
administered every 4 weeks. The trial was simulated by
means of the built-in MoA for natalizumab, based on
reduction in leukocyte migration (see Methods), and
results are shown in Fig. 4A. 80 DPs were simulated for
the treatment group and 40 DPs for the control group. In
the historical trial [7], the effect of treatment on relapse
rate was large. After two years, 67% of patients remained
relapse free in the treatment group, versus only 41% in
the placebo group. The improvement was even more pro-
nounced in the emergence of new or enlarging lesions;
there was an 83% reduction in the occurrence of new
or enlarging hyperintense (determined by T2-weighted
magnetic resonance imaging) lesions, and a 92% reduc-
tion in lesions determined by gadolinium-enhanced mag-
netic resonance imaging.

In the in silico trial, at 104 weeks the percentage of
relapse free subjects was larger than 90% in the natali-
zumab group, whereas for DPs in the control group this
percentage dropped to 40%. These results show that
the simulated relapse rates successfully replicated the
observed relapse rates in the control group since the
value of 41% observed in the historical trial is well con-
tained within the estimated 95% confidence intervals of
the simulated relapse rates. The simulated natalizumab
treatment effect, on the other hand, resulted in over 90%
relapse free patients at 104 weeks trial overestimating
the 67% relapse free observed in the historical trial and
appearing more in line with the T2 weighted and gado-
linium-enhanced lesions reductions data observed in that
trial. Finally, the effect of treatment on cytokine and leu-
kocyte levels was quantified. The natalizumab treatment
can be seen to affect cytokine levels (Fig. 4C), while the
overall T and B cell numbers (Fig. 4B) and antibody con-
centrations (Fig. 4D) are similar between treatment and
control groups.

Discussion

Advances in the diagnosis and available disease modify-
ing therapies for RRMS have improved patient care and
expanded treatment options for RRMS patients. How-
ever, increasing treatments options also complicates
treatment planning and drug development. Simula-
tion models can be valuable tools to support clinicians
and researchers, by giving insight into the relationships
between (sub)population, immune dynamics, and treat-
ment effects. This study has shown that MS TreatSim
can be used to create heterogeneous populations of DPs
with variable immune system responses and can mirror
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qualitatively response to treatment in a RRMS popula-
tion in a use case of a historical natalizumab trial.

First, we illustrated how heterogeneous, differently
behaving populations of RRMS patients can be cre-
ated by setting up different populations with the aid of
the integrated base characteristics. The results showed
that choosing a different subpopulation in MS TreatSim
indeed resulted in the corresponding shift of the mean
disease activity. In addition, they also clearly showed that
the heterogeneity of the population—which is a hallmark
of the true RRMS population [23]—is mirrored in the in
silico population. For example, the range of the number
of relapses an individual experienced over 5 years spans
from 1 to 9 relapses. Although the relationship between
base characteristics such as age and MS progression is

complex, the use of age and lesion activity leads to a real-
istic effect on relapse activity.

Secondly, we used such populations as a starting point to
recreate in silico the setup of the AFFIRM trial for natali-
zumab. We performed this simulation with a modest sam-
ple size, which is adequate in this case as the treatment
effect is large and so the results are robust. In the control
group, the percentage of relapse free subjects in the in silico
trial reproduced the percentage of relapse-free subjects in
the AFFIRM trial well. In the simulated treatment group,
the treatment effect was clearly visible, although the per-
centage of relapse free subjects was higher in the simulation
than in the trial. For a correct interpretation of these results,
several characteristics of the study and of the treatment of
RRMS must be considered. While the percentage of relapse
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free subjects generally is used as a good high-level meas-
ure of disease activity in a group, a comprehensive evalu-
ation of the effect of treatment on inflammatory outcomes
includes also measures like the reduction in the annualized
relapse rate (ARR), and the MRI-determined lesion load.
These measures were all improved to a greater extent than
the percentage of relapse free subjects in the AFFIRM trial.
Therefore, if the in silico natalizumab treatment effect is

also compared with the improvement seen in lesion load
reduction, which is a good metric for disease activity, and
also closely relates to the simulated relapse rate, one can
conclude that the model adequately predicts the clinical
improvement observed in natalizumab treated patients
(Fig. 3A). Additionally, in real-world studies that were
performed after market authorization of natalizumab, the
reduction in ARR was larger than in the AFFIRM trial [23,
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24]. The AFFIRM trial found the relapse rate to be reduced
by 68% after 1 year, whereas the 22 observational studies
analyzed in [23] found ARR to decrease by 73—-94% under
natalizumab treatment, and the 10 year real world study
reported in [24] found the ARR to be reduced by 92.5%
across the population. An explanation for this may lie in the
observation by real-world studies that disease history may
affect the patient’s potential to respond to natalizumab—
for example, patients with a more complex treatment his-
tory and a higher baseline Expanded Disability Status Scale
(EDSS) are less likely to see a positive effect from natali-
zumab treatment [24]. Since, in this use case, the disease
and treatment history of the patients in the AFFIRM study
were described in a generic manner, patients with complex
disease histories may be underrepresented, and this factor
may also play a role in the overestimation of the percentage
of relapse free subjects in the treatment group.

Another constraint in this study might well be attrib-
uted to the type of data, i.e., descriptive and synthetic data
instead of raw data, that was available for the recreation
of the historical trial and that therefore limited a detailed
analysis of the simulated and historical trial results. If, on
one hand, lack of such analysis limits the extent of cor-
roboration of our conclusions, on the other hand, the
presented results simultaneously demonstrate the broad
utility of MS TreatSim. Using only high-level data, a com-
pletely independent reproduction of the test trial could
be created, and meaningful and useful results could be
generated. Although the results presented here do not
represent a complete and systematic statistical evaluation
of MS TreatSim’s performance against the available liter-
ature—for example, only one of the four included treat-
ment options has been simulated—the test case clearly
demonstrates the potential utility of MS TreatSim at the
clinical trial level. Future work will aim to further develop
MS TreatSim and its underlying model and integrate
and refine included treatment strategies to improve the
precision of the individualized predictions, and to more
comprehensively compare model performance against
historical clinical trials and available real world data.

MS TreatSim leverages a detailed, (sub-)cellular mech-
anistic model of RRMS for a population-level applica-
tion. A number of alternative modelling approaches
simulating the population level disease activity and
progression in RRMS have been suggested in recent
years [25-31] reflecting the high level of interest in
model-based decision and design support. Many of
these modelling approaches are based on statistical or
artificial intelligence methodology, and thus necessar-
ily are fully data-driven, and focus on clinical mark-
ers of RRMS. The agent-based approach of the model
underlying MS TreatSim is qualitatively different and
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complementary—instead of focusing on prognosis of dis-
ease progression (expressed as EDSS) or disease activity
(expressed as e.g., ARR) based on data alone, the mecha-
nistic model builds on knowledge of the immune system,
knowledge of the disease and specifics of the MoA of the
treatments, in addition to data. In doing so, it provides
an opportunity to investigate not only effects on clini-
cal outcomes, but simultaneously details the underlying
immune dynamics. In MS TreatSim the treatment effect
can be examined at every level, from high level outcomes
to individual responses, to the most detailed immune
dynamics.

MS TreatSim has been developed and validated [5] in
collaboration with neurologists specialized in RRMS,
and currently finds numerous applications within the
pharmaceutical clinical development of new therapeu-
tics targeting RRMS. These applications consist of sup-
porting clinical trial design processes including definition
of group sizes, timelines, and patients’ subpopulations.
Additionally, MS TreatSim is used to predict real-world
setting relapse rates and create synthetic arms, it provides
support for clinical decision making, and it aids design of
novel treatment strategies. Finally, the intrinsic flexibil-
ity of MS TreatSim also offers opportunities for expan-
sion of the simulation workflow and/or underlying model
towards a wider array of applications. For example, the
simulations can be expanded to investigate combination
therapy, to incorporate additional mechanisms for new
and existing drugs, and to map personal or clinical char-
acteristics even more closely to model parameters.

Conclusion

This study has shown that MS TreatSim can be used to cre-
ate heterogeneous populations of DPs that have large vari-
ations in immune system responses and thus can display
different responses to treatment, mirroring the variability
of the real-world population of RRMS patients. The test
case of recreating an historical trial of natalizumab gen-
erated a treated population that displayed a clear relapse
rate reduction with respect to placebo, as observed in the
clinical trial. Even though the wide range of responses
observed in the literature to natalizumab and other treat-
ment options and their relationship to disease history and
historical context will require further exploration in the
future, the current case study already illustrates how the
mechanistic model and the simulation framework syner-
gistically combined in MS TreatSim can be used to inform
clinical trial design. Moreover, MS TreatSim can be envis-
aged also as a valid support in assisting the neurologist in
the choice of the best treatment regimen accordingly to
the patient immunological and disease progression profile.



Sips et al. BMC Medical Informatics and Decision Making 2022, 22(6):294

Abbreviations

ARR: Annualized relapse rate; DMT: Disease modifying therapy; DP: Digital
patient; EDSS: Expanded disability status scale; MoA: Mechanism of action;
RRMS: Relapsing-Remitting Multiple Sclerosis.

Acknowledgements

Results described in this manuscript were presented at the 17th International
Conference on Computational Intelligence methods for Bioinformatics and
Biostatistics (CIBB 2021).

About this supplement

This article has been published as part of BMC Medical Informatics and Deci-
sion Making Volume 22 Supplement 6, 2022 Selected articles from the 17th
International Conference on Computational Intelligence Methods for Bioinfor-
matics and Biostatistics (CIBB 2021). The full contents of the supplement are
available online at https://bmcmedinformdecismak.biomedcentral.com/artic
les/supplements/volume-22-supplement-6.

Author contributions

FP and GR developed the model. FS developed the simulation workflow and
performed the simulations. RB designed and supervised the study. All authors
analyzed the simulations and contributed to writing the manuscript. All
authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials

The data that support the findings of this study are available from InSilicoTri-
als Technologies, but restrictions apply to the availability of these data, which
were used under license for the current study, and so are not publicly avail-
able. Data are however available from the authors upon reasonable request
and with permission of InSilicoTrials Technologies. For inquiries, please contact
Roberta Bursi (roberta.bursi@insilicotrials.com).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
FS and RB are employees of InSilicoTrials Technologies. FP and GR are founders
of Mimesis SRL.

Author details

'InSilicoTrials Technologies, 's-Hertogenbosch, Netherlands. 2Department

of Drug and Health Sciences, University of Catania, Catania, Italy. *Mimesis Srl,
Catania, Italy.

Received: 17 October 2022 Accepted: 26 October 2022
Published: 15 November 2022

References

1. Bross M, Hackett M, Bernitsas E. Approved and emerging disease modify-
ing therapies on neurodegeneration in multiple sclerosis. Int J Mol Sci.
2020;21(12):1-15. https://doi.org/10.3390/1JMS21124312.

2. Dobson R, Giovannoni G. Multiple sclerosis: a review. Eur J Neurol.
2019;26(1):27-40. https://doi.org/10.1111/ene.13819.

3. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G,
et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald
criteria. Lancet Neurol. 2018;17(2):162-73. https://doi.org/10.1016/51474-
4422(17)30470-2.

4. Zhang, Salter A, Wallstrom E, Cutter G, Sttve O. Evolution of clinical trials
in multiple sclerosis. Ther Adv Neurol Disord. 2019. https://doi.org/10.
1177/1756286419826547.

22.

23.

24.

25.

Page 9 of 10

Pappalardo F, Russo G, Pennisi M, Parasiliti Palumbo GA, Sgroi G, Motta S,
et al. The potential of computational modeling to predict disease course
and treatment response in patients with relapsing multiple sclerosis.
Cells. 2020;9(3):586. https://doi.org/10.3390/cells9030586.

InSilicoTrials Technologies SpA. Multiple sclerosis treatment simulator.
https://mstreat.insiliconeuro.com.

Polman CH, O'connor PW, Havrdova E, Hutchinson M, Kappos L, Miller
DH, et al. A randomized, placebo-controlled trial of natalizumab for
relapsing multiple sclerosis. N Engl J Med. 2006;354(2):899-910.
InSilicoTrials Technologies SpA. InSilicoTrials platform. www.insilicotrials.
com.

Microsoft. Azure cloud services.

. Pappalardo F, Pennisi M, Motta S. Universal Immune System Simulator

framework (UISS). 2010 ACM international conference on bioinformatics
and computational biology, ACM-BCB 2010. New York: ACM Press, 2010.
p. 649-50.

. Russo G, Sgroi G, Alessandro G, Palumbo P, Pennisi M, Juarez MA, et al.

Moving forward through the in silico modeling of tuberculosis: a further
step with UISS-TB. BMC Bioinform. 2020;21(17):1-14. https://doi.org/10.
1186/512859-020-03762-5.

. Pennisi M, Russo G, Sgroi G, Bonaccorso A, Parasiliti Palumbo GA,

Fichera E, et al. Predicting the artificial immunity induced by RUTI®
vaccine against tuberculosis using universal immune system simula-
tor (UISS). BMC Bioinform. 2019;20(S6):504. https://doi.org/10.1186/
$12859-019-3045-5.

Pappalardo F, Fichera E, Paparone N, Lombardo A, Pennisi M, Russo G,

et al. A computational model to predict the immune system activation
by citrus-derived vaccine adjuvants. Bioinformatics. 2016;32(17):2672-80.
https://doi.org/10.1093/bioinformatics/btw293.

Russo G, Pennisi M, Fichera E, Motta S, Raciti G, Viceconti M, et al. In
silico trial to test COVID-19 candidate vaccines: a case study with UISS
platform. BMC Bioinform. 2020;21(517):527. https://doi.org/10.1186/
$12859-020-03872-0.

Russo G, Di Salvatore V, Sgroi G, Parasiliti Palumbo GA, Reche PA, Pappa-
lardo F. A multi-step and multi-scale bioinformatic protocol to investigate
potential SARS-CoV-2 vaccine targets. Brief Bioinform. 2022. https://doi.
org/10.1093/BIB/BBAB403.

Curreli C, Pappalardo F, Russo G, Pennisi M, Kiagias D, Juarez M, et al.
Verification of an agent-based disease model of human mycobacterium
tuberculosis infection. Int J Numer Method Biomed Eng. 2021. https://
doi.org/10.1002/CNM.3470.

Bjornevik K, Cortese M, Healy BC, Kuhle J, Mina MJ, Leng Y, et al. Longi-
tudinal analysis reveals high prevalence of Epstein-Barr virus associated
with multiple sclerosis. Science. 2022,375:296-301. https://doi.org/10.
1126/SCIENCE.ABJ8222.

Maleki A, Russo G, Parasiliti Palumbo GA, Pappalardo F. In silico design of
recombinant multi-epitope vaccine against influenza A virus. BMC Bioin-
form. 2021;22(14):1-19. https://doi.org/10.1186/512859-022-04581-6.
Marsaglia G, Tsang WW, Wang J. Evaluating Kolmogorov's distribution. J
Stat Softw. 2003;8:1-4. https://doi.org/10.18637/JSS.V008.118.

Bauer DF. Constructing confidence sets using rank statistics. J Am Stat
Assoc. 1972;67(339):687-90. https://doi.org/10.1080/01621459.1972.
10481279.

. Greenwood M. The natural duration of cancer. In: Reports on public

health and medical subjects; 1926. p. 1-26.

Davidson-Pilon C. Lifelines: survival analysis in Python. J Open Source
Softw. 2019;4(40):1317. https://doi.org/10.21105/J0SS.01317.

van PeschV, Sindic CJ, Fernandez O. Effectiveness and safety of natali-
zumab in real-world clinical practice: review of observational studies. Clin
Neurol Neurosurg. 2016;149:55-63. https://doi.org/10.1016/J.CLINEURO.
2016.07.001.

Butzkueven H, Kappos L, Wiend| H, Trojano M, Spelman T, Spelman T, et al.
Long-term safety and effectiveness of natalizumab treatment in clinical
practice: 10 years of real-world data from the Tysabri Observational
Program (TOP). J Neurol Neurosurg Psychiatry. 2020,91(6):660-8. https://
doi.org/10.1136/JNNP-2019-322326.

Chalkou K, Steyerberg E, Bossuyt P, Subramaniam S, Benkert P, Kuhle J,

et al. Development, validation and clinical usefulness of a prognostic
model for relapse in relapsing-remitting multiple sclerosis. Diagn Progn
Res. 2021;5(1):1-16. https://doi.org/10.1186/541512-021-00106-6.


https://bmcmedinformdecismak.biomedcentral.com/articles/supplements/volume-22-supplement-6
https://bmcmedinformdecismak.biomedcentral.com/articles/supplements/volume-22-supplement-6
https://doi.org/10.3390/IJMS21124312
https://doi.org/10.1111/ene.13819
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1177/1756286419826547
https://doi.org/10.1177/1756286419826547
https://doi.org/10.3390/cells9030586
https://mstreat.insiliconeuro.com
http://www.insilicotrials.com
http://www.insilicotrials.com
https://doi.org/10.1186/s12859-020-03762-5
https://doi.org/10.1186/s12859-020-03762-5
https://doi.org/10.1186/s12859-019-3045-5
https://doi.org/10.1186/s12859-019-3045-5
https://doi.org/10.1093/bioinformatics/btw293
https://doi.org/10.1186/s12859-020-03872-0
https://doi.org/10.1186/s12859-020-03872-0
https://doi.org/10.1093/BIB/BBAB403
https://doi.org/10.1093/BIB/BBAB403
https://doi.org/10.1002/CNM.3470
https://doi.org/10.1002/CNM.3470
https://doi.org/10.1126/SCIENCE.ABJ8222
https://doi.org/10.1126/SCIENCE.ABJ8222
https://doi.org/10.1186/S12859-022-04581-6
https://doi.org/10.18637/JSS.V008.I18
https://doi.org/10.1080/01621459.1972.10481279
https://doi.org/10.1080/01621459.1972.10481279
https://doi.org/10.21105/JOSS.01317
https://doi.org/10.1016/J.CLINEURO.2016.07.001
https://doi.org/10.1016/J.CLINEURO.2016.07.001
https://doi.org/10.1136/JNNP-2019-322326
https://doi.org/10.1136/JNNP-2019-322326
https://doi.org/10.1186/S41512-021-00106-6

Sips et al. BMC Medical Informatics and Decision Making 2022, 22(6):294

26.

27.

28.

29.

30.

Eshaghi A, Kievit RA, Prados F, Sudre CH, Nicholas J, Cardoso MJ,

et al. Applying causal models to explore the mechanism of action of
simvastatin in progressive multiple sclerosis. Proc Natl Acad Sci U S A.
2019;166(22):11020-7. https://doi.org/10.1073/pnas.1818978116.
Cortesi PA, Fornari C, Capra R, Cozzolino P, Patti F, Mantovani LG. PMS24
multiple sclerosis disease progression simulation: the importance

of specific DATA for progressive and relapsing course. Value Health.
2020;23:5596-7. https://doi.org/10.1016/J.JVAL.2020.08.1155.

Pinto MF, Oliveira H, Batista S, Cruz L, Pinto M, Correia |, et al. Predic-
tion of disease progression and outcomes in multiple sclerosis with
machine learning. Sci Rep. 2020;10(1):1-13. https://doi.org/10.1038/
$41598-020-78212-6.

Petrova-Antonova D, Spasov |, Krasteva |, Manova |, llieva S. A digital twin
platform for diagnostics and rehabilitation of multiple sclerosis. Lecture
notes in computer science (including subseries Lecture notes in artificial
intelligence and lecture notes in bioinformatics), 12249 LNCS; 2020. p.
503-18. https://doi.org/10.1007/978-3-030-58799-4_37.

Seccia R, Gammelli D, Dominici F, Romano S, Landi AC, Salvetti M, et al.
Considering patient clinical history impacts performance of machine
learning models in predicting course of multiple sclerosis. PLoS ONE.
2020;15(3):20230219. https://doi.org/10.1371/JOURNAL.PONE.0230219.

31. ZhaoY,WangT, Bove R, Cree B, Henry R, Lokhande H, et al. Ensem-
ble learning predicts multiple sclerosis disease course in the SUM-
MIT study. NPJ Digit Med. 2020;3(1):1-8. https://doi.org/10.1038/
s41746-020-00338-8.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1073/pnas.1818978116
https://doi.org/10.1016/J.JVAL.2020.08.1155
https://doi.org/10.1038/s41598-020-78212-6
https://doi.org/10.1038/s41598-020-78212-6
https://doi.org/10.1007/978-3-030-58799-4_37
https://doi.org/10.1371/JOURNAL.PONE.0230219
https://doi.org/10.1038/s41746-020-00338-8
https://doi.org/10.1038/s41746-020-00338-8

	In silico clinical trials for relapsing-remitting multiple sclerosis with MS TreatSim
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	The simulation framework and the mechanistic model underlying MS TreatSim
	Application of MS TreatSim to create heterogeneous digital patients’ populations
	Historical trial for natalizumab
	Application of MS TreatSim to recreate a historical trial
	Statistical analysis

	Results
	Application of MS TreatSim to create heterogeneous digital patients’ populations
	Application of MS TreatSim to recreate a historical trial

	Discussion
	Conclusion
	Acknowledgements
	References


