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Abstract
Fingolimod and natalizumab significantly reduce disease activity in relapsing-remitting multiple sclerosis (RRMS) and could
promote tissue repair and neuroprotection. The ratio between conventional T1- and T2-weighted sequences (T1w/T2w-ratio) and
magnetization transfer ratio (MTR) allow to quantify brain microstructural tissue abnormalities. Here, we compared fingolimod
and natalizumab effects on brain T1w/T2w-ratio and MTR in RRMS over 2 years of treatment. RRMS patients starting
fingolimod (n = 25) or natalizumab (n = 30) underwent 3T brain MRI scans at baseline (T0), month 6 (M6), month 12 (M12),
and month 24 (M24).White matter (WM) lesions, normal-appearing (NA)WM, and graymatter (GM) T1w/T2w-ratio andMTR
were estimated and compared between groups using linear mixedmodels. No baseline demographic, clinical, andMRI difference
was found between groups. In natalizumab patients, lesion T1w/T2w-ratio and MTR significantly increased at M6 vs. T0 (p ≤
0.035) and decreased at subsequent timepoints (p ≤ 0.037). In fingolimod patients, lesion T1w/T2w-ratio increased atM12 vs. T0
(p = 0.010), while MTR gradually increased at subsequent timepoints vs. T0 (p ≤ 0.027). Natalizumab stabilized NAWM and
GMT1w/T2w-ratio andMTR. In fingolimod patients, NAWMT1w/T2w-ratio andMTR significantly increased atM24 vs. M12
(p ≤ 0.001). A significant GM T1w/T2w-ratio decrease at M6 vs. T0 (p = 0.014) and increase at M24 vs. M6 (p = 0.008)
occurred, whereas GM MTR was significantly higher at M24 vs. previous timepoints (p ≤ 0.017) with significant between-
group differences (p ≤ 0.034). Natalizumab may promote an early recovery of lesional damage and prevent microstructural
damage accumulation in NAWM and GM during the first 2 years of treatment. Fingolimod enhances tissue damage recovery
being visible after 6 months in lesions and after 2 years in NAWM and GM.
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Introduction

The paradigm of multiple sclerosis (MS) treatment is
experiencing a dramatic evolution. The notion that effective
disease-modifying drugs (DMDs) should be started early to
limit clinical and magnetic resonance imaging (MRI) disease
activity and disability progression is combined with the rec-
ognized relevance of promoting neuroprotection and repair.

Accordingly, besides the effects in preventing clinical re-
lapses and new MRI lesions, there is the urgent need to ex-
plore the potential neuroprotective effects of available DMDs.
Thanks to its sensitivity and specificity to the different patho-
logical substrates of MS, MRI offers the possibility to inves-
tigate these beneficial effects of treatments in vivo [1].

Magnetization transfer ratio (MTR) and the ratio between
conventional T1-weighted (T1w) and T2-weighted (T2w)
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sequences (i.e., T1w/T2w-ratio) have been proposed as reli-
able measures to evaluate brain microarchitecture, easily
implementable in the clinical setting. Since MTR provides
an estimate of the extent of tissue integrity prominently asso-
ciated with myelin content [2–4], it has been already applied
to investigate treatment effects [5]. By assessing the dynamics
occurring after active lesion formation, several studies have
consistently demonstrated that different drugs and hematopoi-
etic stem cell transplantation promote a recovery of MTR
values after the acute phase [5–8]. As also supported by a
post-mortem MRI-histopathology study on a white matter
(WM) lesion, this is likely to reflect recovery of lesional tissue
damage and remyelination [9]. Additionally, a subset of ran-
domized controlled trials and observational studies have sug-
gested that, by preventing longitudinal decline of MTR
values, several DMDs could protect against the accumulation
of microscopic damage in the whole brain, gray matter (GM),
and WM [5, 6, 10–12].

T1w/T2w-ratio has been proposed to enhance sensi-
tivity and specificity for myelin involvement, but also
dendrite density [13, 14]. However, the effect of treat-
ment on this semi-quantitative measure has not been
investigated yet.

Fingolimod and natalizumab are highly effective drugs for
RRMS able to significantly limit clinical and MRI disease
activity, with natalizumab being slightly superior to
fingolimod [15]. A single-center MTR study showed that,
compared to interferon beta-1a, natalizumab significantly pro-
moted MTR recovery and prevented the further accumulation
of microstructural tissue abnormalities in both focal WM le-
sions and normal-appearing (NA) brain tissues [6]. In progres-
sive MS patients, natalizumab treatment for 60 weeks was
associated with a significant increase of GM MTR and
NAWMMTR and fractional anisotropy [10]. Using diffusion
tensor MRI, three separate studies suggested that fingolimod
[16] and natalizumab [17] could reduce the extent and severity
of NAWM damage after 1 year and stabilize NAWM damage
for 4 years [18]. In another study, natalizumab promoted tis-
sue recovery in WM lesions but was associated with a pro-
gressive decrease of fractional anisotropy and axial diffusivity
in NAWM over 1 year [19]. As a matter of fact, it remains
unclear whether these two drugs could exert similar neuropro-
tective effects and promote tissue repair.

In two previous studies on the same cohorts analyzed
here, we demonstrated that both drugs can reduce dis-
ease activity and improve cognition in RRMS, with a
superiority of natalizumab in limiting lesion accumula-
tion [20]. Moreover, these drugs were found to exert
neuroprotective effects and to be associated with hetero-
geneous patterns of GM and WM atrophy progression,
thus suggesting that different brain regions may be dif-
ferently influenced by the beneficial effects of these
drugs [21].

However, brain atrophy is an irreversible end-stage phe-
nomenon; thus, the evaluation of other MRI measures able
to identify neurodegenerative but also neuroreparative mech-
anisms of specific drugs, possibly before the occurrence of
irreversible tissue loss, could be a rewarding strategy to better
understand the beneficial effects of natalizumab and
fingolimod.

By evaluating the effects of fingolimod and natalizumab on
MTR and T1w/T2-w ratio measures in different brain com-
partments (i.e., lesions, NAWM, and GM), we compared the
dynamic patterns of microstructural tissue features occurring
with these treatments and explored their effects in preventing
microstructural tissue damage progression and promoting tis-
sue repair over 2 years.

Methods

Study Design

This was a single-center, prospective, longitudinal, open-la-
bel, non-randomized study, as previously described [20, 21].
Figure 1 summarizes the main inclusion and exclusion criteria
and study flowchart. Twenty-five RRMS patients treated with
fingolimod and 30 treated with natalizumab completed the
study and were included in the analysis. Clinical and MRI
evaluation were performed at baseline (T0), month 6 (M6),
month 12 (M12), and month 24 (M24). Approval was re-
ceived from the local ethical standards committee, and written
informed consent was obtained from all study participants
prior to enrollment.

Clinical Evaluation

At each visit, the Expanded Disability Status Scale (EDSS)
score, relapses, and annualized relapse rate (ARR) were rated
by a neurologist unaware of the MRI results. At T0, treatment
history and relapses during the year before treatment initiation
were also recorded. At follow-up, confirmed disability pro-
gression (CDP) was defined when EDSS score increased ≥
1.0 point if baseline EDSS score was ≥ 1.0, or ≥ 1.5 points if
baseline score was 0 [22, 23], and sustained for 3 months.

MRI Acquisition

Using a 3.0-Tesla scanner (Intera, Philips Medical Systems,
Best, The Netherlands) under a regular maintenance program,
the following brain images were acquired from all participants
at each timepoint: (a) dual-echo turbo spin-echo (repetition
time [TR]/echo time [TE] = 2599/16,80 ms, echo train length
[ETL] = 6; flip angle [FA] = 90°, matrix size = 256 × 256,
field of view [FOV] = 240 × 240 mm2, 44 contiguous,
3 mm-thick axial slices); (b) three-dimensional (3D) T1-
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weighted fast field echo (FFE) (TR/TE = 25/4.6ms; FA = 30°;
matrix size = 256 × 256; FOV = 230 × 230 mm2; 220 contig-
uous axial slice, voxel size = 0.89 × 0.89 × 0.8 mm); (c) 3D
T1-weighted FFE with and without off-resonance saturation
pulses applied (TR/TE = 66/3.8 ms; flip angle = 18°; matrix
size = 224 × 224; FOV = 224 mm× 168 mm; 30 contiguous
axial slices with voxel size = 1 × 1 × 4 mm; magnetization
transfer pulse: frequency offset = 1.1 kHz, bandwidth =
300 Hz, flip angle 620°); (d) post-contrast (0.1 mmol/kg of
Gd-DTPA; acquisition delay: 5 min) T1-weighted inversion
recovery sequence (TR/TE/inversion time [TI] = 2000/10/
800 ms, ETL = 5; FA = 90°, matrix size = 400 × 320, FOV =
230mm× 195.5 mm, 44 contiguous, 3-mm-thick axial slices).
For all scans, the slices were positioned parallel to a line join-
ing the most infero-anterior and infero-posterior margins of
the corpus callosum, with careful repositioning at follow-up.

Conventional MRI Analysis

At each visit, T2-hyperintense and Gd-enhancing lesion vol-
umes (LVs) were measured using a local thresholding

segmentation technique (Jim 6.0 software, www.xinapse.
com) by consensus of two observers blinded to subjects’
data. At follow-up, the number of Gd-enhancing lesions and
new T2-hyperintense lesions were counted.

WM lesion masks were created by binarizing the segmen-
tation of T2-hyperintense lesions previously obtained.

Masks of GM, WM, and cerebrospinal fluid were obtained
on 3D T1-weighted images using the three-tissue type seg-
mentation from the SPM toolbox (v12, Matlab®) after apply-
ing lesion filling [24]. NAWM was then obtained by remov-
ing WM lesions from WM mask.

T1w/T2w-Ratio Quantification

T1w/T2-w ratio was obtained with an in-house pipeline
adapted from Ganzetti et al. [25] and implemented in
Matlab® (v12). In details, native T1- and T2-weighted se-
quences underwent a first step consisting of intensity bias
correction (unbiased images) using N4ITK algorithm [26].
Then, unbiased images were “calibrated” adjusting the in-
tensity histograms according to the lowest and the highest

Enrolled:
Fingolimod: 31 RRMS; Natalizumab: 32 RRMS

Completed and analyzed:
Fingolimod: 25 RRMS; Natalizumab: 30 RRMS

Recruitment and 
screening

Enrollment and 
longitudinal evaluation

RRMS starting treatment according to AIFA criteria 
Fingolimod: 50 RRMS; Natalizumab: 54 RRMS

Excluded
Fingolimod Natalizumab Reason

n=6 n=5 Age ≤ 18 or ≥ 60 years
n=3 n=2 EDSS ≥ 6.0 

n=5 n=4 Stable symptomatic treatment for <3 months
n=7 n=5 Other comorbidities
n=1 - Pregnancy or breastfeeding

- n=1 Contraindication to MRI 
- n=2 History of drug or alcohol abuse

Excluded
Fingolimod Natalizumab Reason

n=4 - Consent retired
n=1 - Drug discontinuation due to side effects
n=1 n=1 Lost during the follow-up

- n=1 Drug discontinuation due to positivity to 
antibodies against natalizumab

AIFA criteria
Fingolimod Natalizumab

Patients on previous immunomodulatory treatment for ≥12 months
who experienced (a) ≥1 relapse in the last year with ≥ 9 T2-
hyperintense lesions at MRI, (b) an increased lesion burden, or ≥ 1
Gd-enhancing lesion

Patients on previous immunomodulatory treatment for ≥12 months
with: (a) ≥2 relapses in the last year, (b) a single relapse with residual
disability (EDSS ≥ 2.0), with ≥9 T2-hyperintense lesions at MRI, or an
increased lesion burden, or ≥1 Gd-enhancing lesion

Patients with a fast MS evolution, even naïve to immunomodulatory
treatments (≥2 relapses with accumulation of disability during the last
year, new T2-hyperintense or Gd-enhancing lesions on MRI during the
previous 12 months)

Patients with a fast MS evolution, even naïve to immunomodulatory
treatments (≥2 relapses with increased disability during the last year
[EDSS ≥2.0], with new T2-hyperintense or Gd-enhancing lesions on
MRI, during the previous 12 months)

Fig. 1 Study flow diagram. Abbreviations: AIFA =Agenzia Italiana del Farmaco (ItalianMedicine Agency); EDSS = Expanded Disability Status Scale;
Gd = gadolinium; MRI =magnetic resonance imaging; RRMS = relapsing-remitting multiple sclerosis
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intensity peaks derived from the ocular and temporal mus-
cles masks on both T1- and T2-weighted images (calibrat-
ed images). T2-weighted sequences were then co-

registered on T1-weighted images and the ratio between
these images (i.e., T1w/T2w-ratio) was finally calculated
(Fig. 2).

3D T1w

T2w

Bias correction Calibration

Temporal muscles Eyes

Calibration (as for 3D T1w) and resampling to 3D T1w

0 150

0 150

T1w/T2w ratio

0 2

MTRM0 MS

[(M0 - Ms) / M0] * 100)

Bias correction

0 150

GM mask WM lesion mask
T1w/T2w ratio

0 2

MTR
0 1

0 1

NAWM mask

a

b

c

Fig. 2 Schematic representation of the pipeline applied to quantify T1w/
T2-w ratio and MTR in WM lesions, NAWM and GM. (a) To obtain
T1w/T2-w ratio, native T1- and T2-weighted sequences underwent inten-
sity bias correction, then calibration adjusting the intensity histograms
using the lowest and highest intensity peaks derived from the ocular
and temporal muscles masks on T1- and T2-weighted images. Finally,
T2-weighted sequences were co-registered on T1-weighted images and
the ratio between these images (i.e., T1w/T2w-ratio) was calculated. (b)

MTR images at each timepoint were calculated according to the formula:
MTR = (M0 [nonsaturated] −MS [saturated]) / M0 × 100). (c) T1w/T2w-
ratio and MTR values within WM lesions, NAWM, and GM were de-
rived. Abbreviations: GM = gray matter; M0 = nonsaturated image;
MS = saturated image, MTR =magnetization transfer ratio; NAWM=
normal-appearing white matter; T1w = T1-weighted; T2w= T2-weight-
ed; WM=white matter
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T1w/T2w-ratio values within the GM and NAWM were
derived by imposing the previously obtained tissue segmen-
tation masks on the T1w/T2w-ratio image (Fig. 2).

The transformation estimated by co-registering T1- and
T2-weighted images was applied to the WM lesion masks in
order to extract T1w/T2w-ratio values also within WM
lesions.

MTR Quantification

At each timepoint and for each subject, MTR images were
calculated according to the formula: MTR = (M0
[nonsaturated] − MS [saturated]) / M0 × 100) (Fig. 2).

T1- and T2-weighted images were rigidly co-registered on
the MT reference image and the obtained transformations
were applied to the GM, NAWM, and WM lesion masks.
From the overlap between the co-registered masks and the
MTR images, MTR values were obtained (Fig. 2).

Statistical Analysis

Comparisons of baseline demographic, clinical, and MRI
measures were performed using Pearson chi-square, Fisher
exact, Mann-Whitney, or two-sample t tests as appropriate.
T2-hyperintense LVs were log-transformed before analysis.
We assessed within- and between-group longitudinal changes
of continuous variables by linear mixed models, accounting
for the repeated measures design with an unstructured
variance-covariance matrix. Logistic and negative binomial
models were used for dichotomous and count data. To adjust
for baseline between-group imbalances, analyses were
weighted by the inverse probability of treatment calculated
using a logistic model including all baseline demographic
and clinical characteristics with a standardized difference (ac-
cording to Yang’s and Dalton’s method) > 0.10, except for
T2-hyperintense lesion number, strongly correlated with T2-
hyperintense LVs (rho = 0.78, p < 0.001). p values obtained
from such analyses for T1w/T2w-ratio and MTR values
underwent false discovery rate (Benjamini-Hochberg
procedure) correction, to account for the overall number of
within- and between-group comparisons tested, for each mea-
sure in each tissue (i.e., WM lesions, NAWM, and GM), sep-
arately. SAS software (version 9.4) was used for statistical
analysis with a p value < 0.05 considered statistically
significant.

Results

Clinical and Conventional MRI Findings

Table 1 summarizes clinical and conventional MRI find-
ings in the two treatment groups. At baseline,

fingolimod and natalizumab patients showed similar
clinical and MRI characteristics. Four out of 30 (13%)
RRMS starting natalizumab were treatment naïve, 23/30
(77%) were previously treated with first-line treatments
(glatiramer acetate or interferon β), whereas 3/30 (10%)
received a second-line therapy or an immunosuppressant
(two patients shifted from fingolimod, one from cyclo-
phosphamide). Eighteen out of 25 (72%) RRMS starting
fingolimod were treated with first-line treatments
(glatiramer acetate or interferon β), whereas 7/28
(28%) received a second-line therapy or an immunosup-
pressant (six patients shifted from natalizumab, one
from cyclophosphamide).

At M24, both drugs significantly reduced the ARR com-
pared to T0 (p < 0.001), without significant difference
between-groups (p = 0.07). EDSS score remained stable sim-
ilarly in both groups (p = 0.67), without between-group differ-
ences in 3-month CDP (p = 0.32).

Natalizumab patients had a significantly lower num-
ber and prevalence of new T2-hyperintense compared to
fingolimod (p = 0.03 and 0.04, respectively). T2-
hyperintense LV increased in fingolimod group
(p < 0.001) and decreased in natalizumab group (p =
0.001), whereas the prevalence of Gd-enhancing lesions
was similar between treatment groups (p = 0.43).

T1w/T2w-Ratio Findings

At T0, GM, NAWM, and WM lesion T1w/T2w-ratio values
were not significantly different between the two treatment
groups (p ≥ 0.32) (Fig. 3 and Supplementary Table 1).

Figure 3 and Supplementary Table 1 show the longitudinal
T1w/T2w-ratio changes in the different tissue types.

In WM lesions, T1w/T2w-ratio increased significantly at
M12 vs. T0 (p = 0.01) and then remained stable at M24 in
fingolimod group, whereas T1w/T2w-ratio increased signifi-
cantly atM6 vs. T0 (p = 0.035) and then decreased significant-
ly at M24 vs. M6 and M12 in natalizumab group (p = 0.001
and 0.009, respectively, the former surviving FDR-correc-
tion). No between-group differences were found.

In NAWM, T1w/T2w-ratio remained stable over
2 years in the natalizumab group, whereas a significant
increase was found in the fingolimod group at M12 and
M24 vs. M6 (p = 0.002 and 0.003, both surviving FDR
correction). No between-group differences were found.

In GM, T1w/T2w-ratio showed no significant chang-
es over 2 years in the natalizumab group, whereas the
fingolimod group showed a significant lower T1w/T2w-
ratio at M6 vs. T0 (p = 0.014), followed by a gradual
T1w/T2w-ratio increase that was significant at M24 vs.
T0 (p = 0.008) and significantly different between
groups (p = 0.034).
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MTR Findings

At T0, GM, NAWM, and WM lesion MTR was not signifi-
cantly different between the two treatment groups (p ≥ 0.29)
(Fig. 4.

Figure 4 and Supplementary Table 1 show the longitudinal
MTR changes in the different tissue types.

In WM lesions, MTR gradually increased over 2 years
in the fingolimod group, being significantly higher at
M6, M12, and M24 vs. T0 (p = 0.008, 0.027, and
0.001, the last surviving FDR correction) and at M24
vs. M6 and M12 (p = 0.048 and 0.039). In the
natalizumab group, WM lesion MTR increased signifi-
cantly at M6 vs. T0 (p = 0.028), decreased significantly
at M12 vs. M6 (p = 0.037), and then remained stable at

M24. A significant between-group difference was found
at M24 vs. M6 (p = 0.014).

In NAWM, MTR remained stable over 2 years in the
natalizumab group, whereas a significant increase was found
in the fingolimod group at M24 vs. M12 (p = 0.001, surviving
FDR-correction), with a significant between-group difference
(p = 0.005, surviving FDR correction).

In GM, MTR showed no significant changes over
2 years in the natalizumab group, whereas MTR was
significantly higher at M24 vs. all the previous
timepoints (vs. T0 p = 0.002, vs. M6 p = 0.017, vs.
M12 p = 0.003, with comparisons between T0 and
M12 surviving FDR correction), with a significant
between-group difference at M24 vs. M6 (p = 0.033)
and at M24 vs. M12 (p = 0.020).

Table 1 Main demographic, clinical, and conventional MRI findings at baseline and during the follow-up in relapsing-remitting multiple sclerosis
patients starting fingolimod or natalizumab

Variable Fingolimod
(n=25)

Natalizumab
(n=30)

Fingolimod vs natalizumab

Baseline findings St. diff. p

Women/men (%) 15 (60) / 10 (40) 18 (60) / 12 (40) 0 0.99a

Mean age (SD) (year) 37.5 (8.7) 36.8 (10.2) 0.07 0.81b

Mean disease duration (SD) (years) 11.1 (6.6) 9.5 (6.8) 0.25 0.36b

Median ARR in the previous year (IQR) 1 (0;1) 1 (1;2) 0.25 0.48d

Last DMT# (%): none/1st line/2nd line 0 (0)/18 (72)/7 (28) 4 (13)/23 (77)/3 (10) 0.70 0.06d

Median EDSS (IQR) 2.0 (1.5;3.0) 2.0 (1.5;4.0) 0.20 0.46c

Median T2-hyperintense lesion number (IQR) 75
(40;114)

53
(31;90)

0.38 0.17c

Median T2-hyperintense LV (ml) (IQR) 6.3 (2.9;12.0) 5.1 (2.1;13.0) 0.16 0.54b

Median Gd-enhancing lesion number (IQR) 0 (0;0) 0 (0;1) 0.43 0.40d

Longitudinal findings Adjusted pe

Median ARR (IQR) 0.0 (0.0;0.5)° 0.00 (0.00;0.00)° 0.07

Number (%) of patients with relapse(s) 6 (24%) 1 (3%) 0.06

Median EDSS change (IQR) 0.0 (−0.5;0.0) 0.0 (−0.5;0.0) 0.67

Number (%) of patients with 3-month CDP 0 (0%) 2 (7%) 0.32

Median number of new T2-hyperintense lesions (IQR) 1 (0;2) 0 (0;1) 0.03

Number (%) of patients with new T2-hyperintense lesions 16 (64%) 10 (33%) 0.04

Number (%) of patients with ≥1 Gd-enhancing lesion during the follow-up 2 (8%) 0 (0%) 0.43

Median T2-hyperintense LV change (ml) (IQR) 1.27 (0.36;2.62)* −0.21 (−1.00;0.01)* <0.001

# = first line = immunomodulants (i.e., glatiramer acetate and interferon β); second line = cyclophosphamide, fingolimod, or natalizumab. For the
fingolimod group: six patients shifted from natalizumab, one from cyclophosphamide; for the natalizumab group: two patients shifted from fingolimod,
one from cyclophosphamide

°Significant change compared to the ARR of the year before treatment initiation (p < 0.001)

*Significant change within the group vs. M0 (p ≤ 0.001)
a Chi-square test; b two-sample t test; cMann-Whitney test; d Fisher exact test; e p values from inverse probability of treatment-weighted generalized
linear models, correcting for all baseline demographic and clinical characteristics showing a standardized difference > 0.10 between groups: disease
duration, annualized relapse rate in the previous year, last treatment, EDSS, T2-hyperintense LV and number of Gd-enhancing lesions

Statistically significant comparisons are shown in italics

Abbreviations: ARR, annualized relapse rate; EDSS, Expanded Disability Status Scale; Gd gadolinium; IQR, interquartile range; LV, lesion volume; ml,
milliliter; MRI, magnetic resonance imaging; RRMS, relapsing-remitting multiple sclerosis; SD, standard deviation; St. Diff., standardized difference
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Discussion

By evaluating two semi-quantitative MRI measures sensitive
to the different pathological substrates of MS, our study
allowed us to compare the dynamic changes of T1w/T2w-
ratio and MTR in both focal WM lesions and NA tissues

during the first 2 years of treatment with natalizumab and
fingolimod in patients with RRMS.

Our results suggested that these drugs may promote an
early and effective resolution of inflammation, exert repara-
tive processes in focal WM lesions, and promote neuroprotec-
tive effects in NA tissues.

a

b

c

Fingolimod Natalizumab Between-group 
difference (95% CI)

[p]
Estimated mean difference

(95% CI) [p] {FDR-p}

M6 vs 
T0

0.01 (-0.00;0.03)

[0.16]

0.02 (0.00;0.04)

[0.035] {0.15}

-0.01 (-0.03;0.02)

[0.52]

M12 vs 
T0

0.03 (0.01;0.04)

[0.010] {0.07}

0.01 (-0.01;0.03)

[0.20]

0.01 (-0.02;0.04)

[0.37]

M24 vs 
M6

0.00 (-0.01;0.02)

[0.87]

-0.03 (-0.04;-0.01)

[0.001] {0.025}

0.03 (0.01;0.05)

[0.015] {0.08}

M24 vs 
M12

-0.01 (-0.03;0.00)

[0.06]

-0.02 (-0.04;-0.01)

[0.009] {0.07}

0.01 (-0.01;0.03)

[0.43]

Fingolimod Natalizumab Between-group 
difference (95% CI)

[p]
Estimated mean difference

(95% CI) [p] {FDR-p}

M24 vs 
M6

0.03 (0.01;0.06)

[0.002] {0.033}

0.00 (-0.02;0.03)

[0.85]

0.03 (-0.00;0.07)

[0.07]

M24 vs 
M12

0.03 (0.01;0.05)

[0.003] {0.033}

0.00 (-0.02;0.03)

[0.87]

0.03 (-0.00;0.06)

[0.06]

Fingolimod Natalizumab Between-group 
difference (95% CI)

[p]
Estimated mean difference

(95% CI) [p] {FDR-p}

M6 vs 
T0

-0.02 (-0.03;-0.00)

[0.014] {0.15}

-0.01 (-0.03;0.00)

[0.12]

-0.01 (-0.03;0.02)

[0.59]

M24 vs 
M6

0.02 (0.01;0.04)

[0.008] {0.15}

-0.00 (-0.02;0.01) 

[0.80]

0.022 (0.00;0.04)

[0.034] {0.25}

p=0.035
{FDR-p=0.15} p=0.001 {FDR-p=0.15}
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Fig. 3 Longitudinal T1w/T2-w ratio values inWM lesions, NAWM, and
GM in RRMS starting fingolimod or natalizumab. Evolution of T1w/T2-
w ratio values of (a) WM lesions, (a) NAWM, and (c) GM. The corre-
sponding significant results are also shown. Comparisonswere performed
with inverse probability of treatment-weighted linear mixed models,
correcting for all baseline demographic and clinical characteristics

showing a standardized difference > 0.10 between groups: disease dura-
tion, annualized relapse rate in the previous year, last treatment, EDSS,
T2-hyperintense LV, and number of Gd-enhancing lesions.
Abbreviations: CI = confidence interval; FDR = false discovery rate;
GM= gray matter; M =month; NAWM= normal-appearing white mat-
ter; T1w = T1-weighted; T2w = T2-weighted; WM=white matter
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The analysis of focal WM lesions revealed that, during the
first 6 months, both treatment groups showed a significant
increase of T1w/T2w-ratio and MTR values. This is expected
since both drugs limit significantly and quickly lymphocyte
migration into the CNS and promote a recovery of blood-brain
barrier damage [27–29]. These findings suggest that
natalizumab and fingolimod exert a similar, early and

effective reduction of edema and acute inflammation. Our
results are consistent with previous studies evaluating lesional
MTR changes with highly effective anti-inflammatory treat-
ments, including interferon beta-1b, natalizumab, and hema-
topoietic stem cell transplantation [5–8, 30], as well as with
positron emission tomography (PET) studies demonstrating
that both fingolimod and natalizumab promote a significant
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Fig. 4 Longitudinal MTR values in WM lesions, NAWM and GM in
RRMS starting fingolimod or natalizumab. Evolution of MTR values of
(a) WM lesions, (b) NAWM, and (c) GM. The corresponding significant
results are also shown. Comparisons were performed with inverse prob-
ability of treatment-weighted linear mixed models, correcting for all base-
line demographic and clinical characteristics showing a standardized

difference > 0.10 between groups: disease duration, annualized relapse
rate in the previous year, last treatment, EDSS, T2-hyperintense LV,
and number of Gd-enhancing lesions. Abbreviations: CI = confidence
interval; FDR = false discovery rate; GM = gray matter; M = month;
MTR =magnetization transfer ratio; NAWM= normal-appearing white
matter; WM=white matter
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reduction of activated microglia in focal WM lesions after 6–
12 months of treatment [31–33].

Noteworthy, the increase of T1w/T2w-ratio and MTR con-
tinued several months after treatment start, thus after the res-
olution of inflammation. This evidence suggests that other
mechanisms are likely to contribute, at least partially, to these
findings. In our study, the positive effects seem more evident
with fingolimod, since, in these patients, WM lesion T1w/
T2w-ratio increased gradually in the first year and then
remained stable in the second year, whereas MTR gradually
increased over the 2 years.

The prevention of further inflammatory events and the cre-
ation of a more favorable environment could contribute to
enhance tissue recovery and remyelination in focal WM le-
sions [27–29]. Moreover, our findings are in line with exper-
imental studies suggesting that fingolimod could protect
against ongoing demyelinating processes also independently
from its anti-inflammatory action and behind a preserved
blood-brain barrier [27]. Fingolimod could also enhance
remyelination by promoting the recruitment, differentiation,
and axonal ensheathment capacity of oligodendrocyte precur-
sor cells in demyelinating regions [27]. These effects seem
less evident with natalizumab. This treatment downregulates
significantly intrathecal activity of innate ad adaptive immune
system but does not exert direct effect in CNS resident cells
[28, 29]. Accordingly, the early recovery of lesional T1w/
T2w-ratio and MTR in natalizumab patients could reflect a
resolution of inflammation and a more limited remyelinating
capacity. Subsequently, these reparative mechanisms are
counterbalanced by ongoing demyelination and neuro-
axonal loss that are still likely to occur at a low rate during
subsequent timepoints. However, these detrimental processes
could also be attributable, at least partially, to the accumula-
tion of structural damage associated with disease activity that
occurred before treatment start.

Other interesting results are those derived from the evalu-
ation of T1w/T2w-ratio and MTR in NAWM and GM.
Pathological studies have demonstrated that, compared to le-
sions, NAWM and GM are characterized by a milder degree
of perivascular inflammatory infiltrates, edema, diffuse mi-
croglia activation, diffuse neuro-axonal injury, and gliosis
[34, 35]. These processes are secondary to neuro-axonal dam-
age within focal lesions but can also develop independently
from lesions [34, 35] and contribute to clinical disability [36].

Our study showed that fingolimod is associated with a sig-
nificant increase of NAWM T1w/T2w-ratio, NAWM MTR,
and GM MTR. We also detected a decline followed by an
increase of GM T1w/T2w-ratio.

These findings are in line with a recent study showing that
after 1 year, fingolimod promoted an increase of fractional
anisotropy and a decrease of radial diffusivity in the
corticospinal tracts and in the superior and inferior cerebellar
peduncles in RRMS patients with piramidal or cerebellar

impairment, respectively [16]. It is noteworthy that, similarly
to WM lesions, increases of T1w/T2w-ratio and MTR occur
especially in the second year of treatment. This suggests again
that other neuroprotective processes beyond the resolution of
acute inflammation may explain our findings. Experimental
studies showed that fingolimod can exert beneficial effects on
different resident CNS cells [27]. Fingolimod reduces the pro-
inflammatory state and upregulates brain-derived neurotroph-
ic factor (BDNF) production of astrocytes, and promotes re-
cruitment and activation of oligodendrocyte precursor cells
[27]. Moreover, fingolimod downregulates the expression of
pro-inflammatory cytokines and upregulates the production of
several neurotrophic factors in microglia [27].

Interestingly, we also found that natalizumab stabilized
both NAWM and GM microarchitecture over 2 years. Our
findings are in line with a diffusion tensorMRI study showing
that NAWM diffusivity metrics were stable for 4 years during
natalizumab treatment [18] and with a PET study showing a
stability of activated microglia in NAWM and GM after
6 months of treatment [31]. Conversely, they seem in contrast
with other studies showing a recovery of MTR or diffusivity
measures in NA brain tissues over 1 or 2 years [6, 10, 17] and
a reduction of activated microglia in NAWM after 1 year of
treatment [33]. The small sample sizes of our groups, hetero-
geneities in MS patients’ characteristics, and methods of anal-
yses (e.g., MTR vs. diffusion tensor MRI; global or regional
evaluations) may contribute to explain discrepancies with oth-
er studies. It is also likely that the differences among studies
could be due to the co-occurrence, during treatment, of path-
ological processes that influence MRI measures in the oppo-
site direction, such as concomitant demyelination and
remyelination, secondary neuro-axonal damage but also en-
hanced neuro-axonal integrity, and reduction of activated mi-
croglia and gliosis.

Clearly, our results should be interpreted carefully and cau-
tiously, since our study has some limitations. Two relatively
small cohorts of RRMS were recruited without randomiza-
tion. However, treatments were chosen according to real-life
clinical guidelines and the acquisition of MRI exams at spe-
cific scheduled timepoints using the same scanner is challeng-
ing in the clinical setting. To limit the influence of baseline
differences, the analyses were adjusted for unbalanced base-
line findings. Moreover, several comparisons did not survive
FDR correction. Accordingly, further studies, with larger co-
horts of RRMS patients starting natalizumab or fingolimod
are needed to confirm our findings. The availability of a group
of healthy controls and of another one with untreated MS
patients could have further supported the potential beneficial
effects of fingolimod and natalizumab on the microstructure
of both brain WM lesions and NA tissues. In particular, the
evaluation of healthy controls would have contributed to bet-
ter understand the severity and the longitudinal changes of
microstructural tissue damage in RRMS patients starting
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either natalizumab or fingolimod. Moreover, the assessment
of scan-rescan variability of both T1w/T2-w ratio and MTR
could be relevant to demonstrate the reliability of these two
measures. Unfortunately, scan-rescan assessment of these
measures was not available; however, previous studies sug-
gested that both T1w/T2w ratio and MTR have a good intra-
and inter-subject reproducibility [25, 37]. The availability of
another group of untreated MS patients could have allowed to
better evaluate the beneficial effects of these treatments on
progressive damage due to MS.

Although a slice thickness of 4 mm for the MTR acquisi-
tion could limit a precise estimation of MTR values, it is
noteworthy that we obtained an averaged measure for the
whole WM lesions, NAWM, and GM, thus mitigating the
possible “data loss” due to the image resolution along the z-
axis.

Finally, a longer follow-up could be rewarding to better
investigate the beneficial effects of both drugs over time.

In conclusion, together with a significant prevention
of further clinical and MRI disease activity and a stabi-
lization of clinical disability, our study suggests that
natalizumab could promote an early recovery of lesional
damage and prevent microstructural damage accumula-
tion in NAWM and GM during the first 2 years of
treatment. Fingolimod could enhance tissue damage re-
covery being visible after 6 months in lesions and after
2 years in NA brain tissues.

Although the limited sample size and the lack of a random-
ization did not allow to provide specific suggestions regarding
how and to whom to prescribe natalizumab rather than
fingolimod, it is noteworthy that both drugs exerted positive
neuroprotective effects on different tissue types, thus promot-
ing their use for RRMS patients following regulations and
real-life clinical guidelines.
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