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ARTICLE INFO ABSTRACT

Background: Vitamin D deficiency is a proposed risk factor for multiple sclerosis (MS), but its role in progressive
MS is not well understood.

Objective: To examine the association between vitamin D levels and MRI features in primary progressive (PPMS)
and secondary progressive MS (SPMS).

Keywords:

Progressive multiple sclerosis

Primary progressive multiple sclerosis
Secondary progressive multiple sclerosis

&irt;min D Methods: Serum 25-hydroxyvitamin D (25[OH]D) and 25-hydroxyvitamin D3 (25[OH]D3) levels were obtained
Brain volume from 267 subjects enrolled into the Secondary and Primary Progressive Ibudilast NeuroNEXT Trial in Multiple
Lesions Sclerosis (SPRINT-MS). Associations between imaging data and vitamin D levels was determined using Pearson

or Spearman correlation and multivariate regression analyses.

Results: 267 patients (age 55.6 = 7.4, 47.2% male, and 51.3% PPMS) were evaluated with quantitative MRI
and vitamin D levels. 25(OH)D and 25(OH)D; were similar between PPMS and SPMS. There was no significant
association between vitamin D and T1/2 lesion volume and brain parenchymal fraction. Modest associations
were found between 25(OH)D3 and whole brain-magnetization transfer ratio (WB-MTR, r = 0.17, p = 0.007)
and normal appearing grey matter MTR (NAGM-MTR, r = 0.15, p = 0.02).

Conclusions: 25(OH)D3 levels were not associated with brain volume or lesional measures in progressive MS
contrary to what has been described in relapsing remitting MS. An association between WB-MTR and NAGM-

MTR suggest higher vitamin D levels may exert a protective role on myelin content in progressive MS.

1. Introduction

There is evidence that low serum levels of vitamin D are a risk factor
for developing MS (Munger et al., 2006; Soilu-Hanninen et al., 2005;
van der Mei et al., 2007). The majority of data linking vitamin D and
MS comes from relapsing remitting MS (RRMS) studies with relatively
little data in progressive MS which includes primary progressive MS
(PPMS) and secondary progressive MS (SPMS). The available evidence,
however, does suggest vitamin D levels are lower in progressive MS
compared to RRMS (Smolders et al., 2008) and that vitamin D may
predict conversion to SPMS (Muris et al., 2016a). This relationship may
be confounded by disability level associated with decreased sun ex-
posure. In RRMS, the number of T2 lesions as well as measures of active
inflammation have an inverse relationship with vitamin D levels
(Mowry et al., 2012; Simpson et al., 2010; Soilu-Hanninen et al., 2012).
Though the exact mechanism is not clear, vitamin D is an im-
munomodulator and can produce anti-inflammatory effects in both the
innate and adaptive immune systems (Ascherio et al., 2010). In MS,
vitamin D has also been shown to modulate inflammatory activity
showing increased frequency of lesion formation (Smolders et al., 2013;

Smolders et al., 2011; Lefebvre d'Hellencourt et al., 2003). Randomized
control trials with vitamin D supplementation have presented mixed
results though the methodology, supplementation doses and outcome
measures vary widely (Burton et al., 2010; Mosayebi et al., 2011;
Kampman et al., 2012; Loken-Amsrud et al., 2012). Two recent double-
blind, placebo-controlled trials of vitamin D supplementation did not
meet statistical significance on primary endpoints of disease-free ac-
tivity but did show a trend toward reduced lesion activity on MRI
(Smolders et al., 2016; Camu et al., 2017). The lack of large, rando-
mized control trials have produced a wide range of recommendations
from professional societies without a clear consensus for providers
(Ross et al., 2011; Holick et al., 2011).

The significance of vitamin D levels in fully progressive MS cohorts
as related to clinical progression or MRI measures remains unclear.
There is evidence in other MS cohorts that vitamin D influences disease
progression. For example, low vitamin D levels are associated with
higher lesion volume, brain atrophy and disability markers over time
(Ascherio et al., 2014). Progressive MS presents a challenge for clin-
icians as patients have persistent accrual of disability independent of
relapses with few effective therapies. This makes investigation of
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modifiable MS risk factors, such as vitamin D, important. The aim of
this study was to investigate the association of vitamin D and MRI
disease characteristics in progressive MS. We hypothesized that MRI
measures including T1/T2 lesion burden, volumetric measurements,
axonal integrity and myelin content measures would correlate with
vitamin D levels.

2. Methods

Data was obtained from the screening visit for the NeuroNEXT 102
(NN102)/Secondary and Primary Progressive Ibudilast NeuroNEXT
Trial in Multiple Sclerosis (SPRINT-MS). SPRINT-MS was a randomized,
double-blind, placebo-controlled study to evaluate the safety, toler-
ability and activity of ibudilast (MN-166) in progressive MS patients
(Fox et al., 2016). Subjects were enrolled at 28 sites across the United
States between November 2013 and June 2015. Bio-banked screening
blood samples were obtained for vitamin D analysis from subjects who
consented to storage of samples and future research analysis on these
samples. Only subjects with complete clinical and MRI data along with
available blood samples were included in this analysis. The clinical data
included demographics, MS disease history, Expanded Disability Status
Scale (EDSS) scores, timed 25-foot walk (T25FW), 9-hole peg test
(9HPT), Symbol Digit Modalities Test (SDMT), and 2.5% low contrast
visual acuity test (LCVA). The SPRINT-MS trial was approved by the
NeuroNEXT Central Institutional Review Board at Massachusetts Gen-
eral Hospital and the secondary analysis in this paper was approved
separately by the Cleveland Clinic Institutional Review Board. The
data/samples were collected at the screening visit.

2.1. Participants

SPRINT-MS included patients ages 21-65 and a diagnosis of either
PPMS or SPMS according to International Panel Criteria. (Polman et al.,
2011) Concomitant treatment with glatiramer acetate (GA) or inter-
feron beta (IFNf-1a or IFNf3-1b) was allowed. Patients had to be able to
walk 25 feet either with or without an assistive device (EDSS 6.5 or
lower) along with clinical disease progression over the previous two
years as documented by worsening on the EDSS, T25FW, or 9HPT.
Vitamin D supplementation data was not available in the SPRINT study
database.

2.2. MRI measures

All MRI studies were conducted using Siemens (Trio or Skyra) or GE
(version 12x or higher) 3 tesla systems. To ensure consistent results
among the different sites, imaging physicists reviewed the scanning
protocols prior to enrollment along with monthly quality assurance
assessments thereafter. The image acquisition included 3D spoiled
gradient-recalled echo; proton density weighted and T2 weighted 2D
turbo/fast spin-echo; 2D T2-weighted FLAIR; 3D spoiled gradient-re-
called echo with selective excitation, with and without magnetization
transfer pulse; 64-direction high angular resolution diffusion imaging.
There was no gadolinium utilized in the study. Conventional MRI
measures included T2 lesion volume, T1 lesion volume and brain par-
enchymal fraction (BPF). Additional MRI measures included whole
brain magnetization transfer ratio (WB-MTR), normal appearing brain
tissue MTR (NABT-MTR), normal appearing grey matter MTR (NAGM-
MTR), corticospinal tract diffusion tensor imaging measures (long-
itudinal diffusivity [LD] and transverse diffusivity [TD]). MTR is an
advanced MRI sequence which measures myelin content and axonal
density and even has the potential to distinguish remyelinated lesions
(Mahajan and Ontaneda, 2017; Schmierer et al., 2004; Chen et al.,
2007). Diffusion tensor imaging is an imaging technique to measure
neuronal micro-structures along with the integrity of white matter
tracts. It can identify subtle changes in acute inflammatory lesions
which are not seen on more conventional studies (Lin et al., 2017;
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O'Donnell and Westin, 2011).
2.3. Vitamin D assessments

Serum 25-hydroxyvitamin D, (25[OH]D,) and 25-hydroxyvitamin
D3 (25[OH]D3) were measured from the available screening samples of
the SPRINT-MS study. Subjects agreeing to bio-banking had serum
samples stored at —80°C at the centralized study laboratory at the
University of Rochester. Stored aliquots of 0.5ml were thawed for
30 min at room temperature and 25(0OH)D, and 25(0OH)Dj; levels were
measured by Tandem Mass Spectrometry at the University of Rochester
(van den Ouweland et al., 2013; Tai et al., 2010). Total serum 25-hy-
droxyvitamin D (25[OH]D) levels represented the sum of 25(OH)D,
and 25(OH)D3 (Logan et al., 2013). A cut-off for 25(OH)D sufficiency
was set at 30 ng/ml. Although the definition of adequate 25(OH)D le-
vels is still debated, sources suggest that 30 ng/mL is adequate for the
general population (Bhargava et al., 2014; Dawson-Hughes et al., 2005;
Fjeldstad et al., 2014; Holick, 2006; Munger et al., 2006). To explore
the dichotomized 25(OH)D; levels were grouped in the following ca-
tegories based on previous vitamin D research: <30 ng/ml, 30-39 ng/
ml, 40-49ng/ml = 50ng/ml (Park et al., 2018). Deseasonalized vi-
tamin D values were used in the analysis which accounted for geo-
graphic and seasonal variation of ultraviolet light, latitude of the study
site and the month that the serum sample was obtained.

2.4. Statistical analysis

Patient demographics, medical history and MRI features were
summarized using proportions, means, and median values. The re-
lationship between continuous variables and vitamin D were examined
across 25(OH)D3 groups using a mixed model to account for potential
unequal variance (Peng and Ying, 2010). Due to the skewed distribu-
tion, log transformation of T25FW, T1/T2 volume and inverse trans-
formation of 9HPT were used in the analysis. P for trend of change on
categorical variables across 25(OH)D3 groups was evaluated using Co-
chran-Armitage trend test. 25(OH)D and 25(0OH)D3; were then com-
pared between PPMS and SPMS using the t-test. Associations of MRI
features with continuous 25(OH)D3, age and MS performance measures
were evaluated using Pearson or Spearman correlation coefficient. In
addition, a generalized linear model with an interaction between MS
type and 25(OH)D3 was applied to investigate whether the associations
between 25(0OH)D3; and MRI features were similar between PPMS and
SPMS.

Associations between 25(0OH)Ds and MRI features were evaluated
using multivariate analyses. To account for the potential impact of
geographic and seasonal variation of ultraviolet light vitamin D levels,
latitude of study site and month of serum obtained were considered in
the analyses. Other variables including age, sex, disease duration and
variables with p < 0.05 in univariate analyses were also included in the
potential impact list. Variables from the potential impact list were
added to mixed models mentioned above to investigate dichotomized
25(0OH)D; levels on MRI feature. Multivariate regression analysis was
performed to determine the relative contribution of 25(0OH)D3; on MRI
feature among variables of potential impact.

All analyses were performed in SAS version 9.4. P values presented
in table or figure are two-sided. Statistical significance was set at
p < 0.05.

3. Results
3.1. Demographics

A total of 267 of 286 patients (93.4%) enrolled into the SPRINT-MS
study had both stored serum and MRI data available for analysis. The

overall demographic, clinical, and MRI characteristics are summarized
in Table 1. The group was evenly distributed between PPMS and SPMS.
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Table 1

Patient characteristics by 25(OH)D3 categories.
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Factor Overall 25(0OH)D; group (ng/ml)
<30 30-39 40-49 >= 50 P for trend
Patient, N (%) 75 (28.1) 58 (21.7) 51 (19.1) 83 (31.1)
Mean 25(OH)D; (CV) 18.2 (37.6) 34.8 (8.3) 44.1 (6.5) 63.2 (18.9)
Latitude 39.7 + 3.4 39.3 + 4.4 40.7 + 3.2 39.3 + 3.9 0.95
Blood obtained in April-September 46 (61.3) 33 (56.9) 30 (58.8) 52 (62.6) 0.80
Demographics
Age (31.8-65.9 years) 55.6 + 7.4 53.4 + 8.8 55.0 + 6.5 57.6 + 6.6 56.9 + 6.4 0.001
Sex, Female 126 (47.2) 34(45.3) 26(44.8) 27(52.9) 54(65.1) 0.008
Race, Caucasian 247 (93.5) 64(86.5) 54(93.1) 48(94.1) 81(98.8) 0.003
MS history
MS duration (Years) 16.4 = 10.6 14.8 = 9.3 14.8 = 9.9 19.5 = 11.8 17.0 = 11.2 0.04
Family MS history 60 (22.5) 21(28.4) 11(20.0) 9(17.6) 19(22.9) 0.42
MS Type 0.69
PPMS 137 (51.3) 37(49.3) 33(56.9) 28(54.9) 39(47.0)
SPMS 130 (48.7) 38(50.7) 25(43.1) 23(45.1) 44(53.0)
MS performance
D-9HPT (Seconds) 27.5 (22.3,35.6) 28.4 (22.5,38.2) 29.2 (23.4,36.5) 25.4 (21.9,30.6) 26.6 (22.0,38.3) 0.20
ND-9HPT (Seconds) 30.1 (24.9,41.5) 32.2 (26.8,41.5) 30.4 (26.1,44.0) 28.5 (22.4,33.4) 29.7 (24.8,44.7) 0.20
T25FW (Seconds) 9.6 (6.9,16.6) 10.1 (7.0,16.6) 9.9 (6.9,13.7) 9.1 (6.6,12.8) 9.6 (7.0,20.0) 0.63
SDMT (No. correct) 42.6 = 14.6 43.8 = 14.8 39.5 = 13.2 42.7 = 13.7 43.5 = 15.7 0.76
EDSS total score 13.3 = 3.8 135 = 3.8 13.2 = 3.7 13.1 = 3.4 13.5 = 4.0 0.94
EQ5D Index (x10%) 22,471.7 + 5502.8 22.3 = 4.9 21.4 = 49 23.2 = 6.3 229 = 5.8 0.21
MRI studies
T1 VOLUME 1.4 (0.50,4.4) 1.2 (0.42,3.0) 2.8 (0.54,6.9) 1.1 (0.28,6.1) 1.5 (0.53,3.8) 0.76
T2 VOLUME 5.8 (2.2,14.8) 4.6 (2.2,12.3) 11.6 (3.3,20.1) 4.7 (1.5,10.4) 5.0 (2.2,14.5) 0.62
BPF 0.80 = 0.03 0.81 = 0.03 0.80 = 0.03 0.80 = 0.03 0.81 = 0.03 0.58
WB-MTR 0.14 = 0.26 0.08 = 0.28 0.14 = 0.27 0.14 = 0.24 0.20 = 0.25 0.01
NABT-MTR 0.31 + 0.27 0.28 + 0.31 0.31 + 0.28 0.29 * 0.25 0.36 + 0.25 0.11
NAGM-MTR —0.28 = 0.27 —0.34 £ 0.30 —-0.29 * 0.27 —0.31 * 0.25 —-0.22 + 0.24 0.02
LD 1.2 * 0.05 1.2 = 0.06 1.3 + 0.06 1.2 = 0.05 1.2 = 0.05 0.87
TD 0.56 + 0.04 0.55 + 0.04 0.55 + 0.05 0.56 + 0.05 0.56 + 0.04 0.58

*Frequency and percentage for categorical variables. Mean (CV or Coefficient of variation), mean (SD) or median (IQR) for numerical variables.

25[0OH]D3, 25-hydroxyvitamin D3; MS, Multiple Sclerosis; PPMS, primary progressive multiple sclerosis; SPMS, secondary progressive multiple sclerosis; D-9HPT,
dominant hand 9-hole peg test; ND-9HPT, non-dominant hand 9-hole peg test; T25FW, timed 25 foot walk; EDSS, Expanded Disability Status Scale; SDMT, Symbol
Digit Modality Test; BPF, brain parenchymal fraction; WB-MTR, whole brain magnetization transfer ratio, NABT-MTR, normal appearing brain tissue MTR; NAGM-

MTR, normal appearing grey matter MTR.

corticospinal tract DTI measures (longitudinal diffusivity [LD] and transverse diffusivity [TD]).

Most participants were Caucasian (93.5%) with age ranging from
31.8-65.9 years (mean 55.6). Mean 25(0OH)D was 43.8 ng/ml (SD 17.8)
and 40.7ng/ml (SD 19.3) for 25(OH)D3;. Both 25(OH)D (43.8 vs.
42.9 ng/ml) and 25(0OH)D3 (40.7 vs. 39.9 ng/ml) were similar between
PPMS and SPMS groups (p = 0.47 & p = 0.31).

3.2. Vitamin D categories and MRI measures

Demographic, clinical, and MRI measures across the categorical
forms of 25(0OH)D3 (<30, 30-39, 40-49 and >50 ng/ml) are shown in
Table 1. Higher vitamin 25(OH)D; levels were found in older, female
patients with a longer disease duration. MS performance measurements
including EDSS were similar across all 25(0OH)D3 groups. No significant
differences were found in any conventional MRI measures. The WB-
MTR (p = 0.01) and NAGM-MTR (p = 0.02) demonstrated a statisti-
cally significant trend across all 25(OH)Dj levels. A similar pattern was
observed in NABT-MTR (p = 0.11) although not statistically significant.
When the MTR data were compared between the 25(OH)D3 (=50) and
the 25(OH)D; (<30) group in the multivariate analysis, WB-MTR
(p =0.02) and NABT-MTR (p = 0.02) remained statistically sig-
nificantly between the groups (Fig. 1 right panel). There was no asso-
ciation between 25(0OH)D; and either LD or TD in the corticospinal
tracts (Fig. 2).

3.3. Linear association between vitamin D and MRI measures
No significant linear correlations were found between conventional

MRI measures and 25(OH)Djs levels. Statistically significant correlations
were found between 25(OH)D; with WB-MTR (r = 0.17, p = 0.007)

and NAGM-MTR (r = 0.15, p = 0.02) (Table 2 and Fig. 1 left panel). A
similar trend was noted in NABT-MTR (p = 0.07).

In the multivariate analysis, no significant associations were found
between vitamin D levels and conventional MRI metrics which included
T1/T2 lesion volume or BPF (Table 3). Associations of 25(0OH)D5; with
WB-MTR (p = 0.01) and NAGM-MTR (p = 0.03) remained significant
after accounting for age, gender, disease duration, time of serum ob-
tained and latitude of study site. The association with NABT-MTR
showed a similar trend but was not statistically significant (p = 0.08).
25(0OH)D; (B = 0.15) explained more variation than age (f = 0.12) and
disease duration (f = —0.01) on WB-MTR. 25(0OH)D; ( = 0.14) also
explained more variation than age (f = 0.02) and disease duration
(B = 0.006) on NAGM-MTR. The same pattern was observed on NABT-
MTR.

4. Discussion

This study investigated the association of MRI measures and vitamin
D levels in a purely progressive MS cohort. Similar to previous studies,
25(0OH)D levels were not found to be different in PPMS and SPMS
(Smolders et al., 2008). In the current study, mean 25(OH)D levels were
above sufficiency with a little over 70% of patients having 25(OH)D
levels greater than 30 ng/ml, which is contrary to the results previously
reported in progressive MS studies (Smolders et al., 2008) (Muris et al.,
2016a).

The association of vitamin D levels to BPF and lesional volumes,
well described in RRMS, were not found in this progressive cohort
(Mowry et al., 2012; Ascherio et al., 2014; Fitzgerald et al., 2015). It is
unclear why there was no association between vitamin D and these MRI



J.R. Abbatemarco, et al.

WB-MTR

NABT-MTR

-0.5+

-1.0-

NAGM-MTR

1.5+

1.0+

0.5

0.0

-0.54

-1.0-

1.5

1.0

0.5+

0.0

1.0+

0.5+

0.0+

-0.5+

-1.0+

-1.5-

== PPMS r=0.17
== SPMS r=0.17

Overall r=0.17, p=0.007

AT — 25(OH)D
73 f00 120 22(OHIDs
& A
== PPMS r=0.10
=A= SPMS r=0.13
A Overall r=0.12, p=0.07
O
) LA
] - — 25(0H)D;
2 né 100 120
A A A
=== PPMS r=0.19
== SPMS r=0.12
A Overall r=0.15, p=0.02

— 25(0H)D,
120

Fig. 1. Association between MTR and 25(0OH)Ds.
The left panel is scatterplot of MTR sequences versus 25(OH)Dj level with estimated regression lines for both PPMS and SPMS. Overall Pearson correlation (r, p value)
and the correlation within each MS type are presented. The right panel is bar plot of categorical vitamin D levels and MTR sequences. The plot includes mean =
standard error of mean (SEM) of MRT sequences between four 25(OH)D5 categories.
PPMS, primary progressive multiple sclerosis; SPMS, secondary progressive multiple sclerosis; WB-MTR, whole brain magnetization transfer ratio; NABT-MTR,
normal appearing brain tissue MTR; NAGM-MTR, normal appearing grey matter MTR.

measures. Previous studies of vitamin D and MRI measures in MS focus
on RRMS populations which make direct comparisons difficult. For
example, two longitudinal cohorts with clinically isolated syndrome
(CIS)/early RRMS patients illustrated that higher vitamin D levels
portended to a lower number of T2 and gadolinium-enhancing lesions
but no significant relationship between brain volume measurements

1.6

1.0

-— PPMS r=0.13, p=0.13
== SPMS r=-0.07, p=0.46

1.0+

Overall r=0.03, p=0.60

T T T T

Multiple Sclerosis and Related Disorders 35 (2019) 276-282

P*=0.02
T 1
e P*=0.28
P*=0.15
& 02 T 019
= T0.16 —l—o 14
& Y =2
= 0.1 0.08 \
<30 3039 40-49 >=50
25(0H)D;
P*=0.11
054 '
P*=0.73
&4l P=038
= —[—0.35
5 To.32
N 0.29
<031 Toos § o
<30  30-39 4049 >=50
25(0H)D;
0.0
§
X .0.2- \
= N T 023
= - — i
B 0.4 03 0B -0:31
S P**=0.29
po P*=0.72
P*=0.02
<30  30-39 4049 >=50
25(0H)D;

*Adjusted for latitude, time at blood obtained, age, sex, MS duration, and SDMT
** Same as above and plus EDSS

(Fitzgerald et al., 2015; Mowry et al.,, 2018). A recent study in-
vestigating patients with CIS also showed a positive association with

vitamin D and
prospective CIS

higher gray matter volume (Mowry et al., 2016). A
study also showed a similar relationship between vi-

tamin D and brain volume along with other metrics including wor-
sening EDSS scores and new lesion formation on MRI (Ascherio et al.,
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Fig. 2. Scatterplot of DTI including LD
and TD versus 25(0OH)D; level with
estimated regression lines for both
PPMS and SPMS.
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correlation within each MS type are
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multiple sclerosis; DTI, diffusion tensor
imaging; LD, longitudinal diffusivity;
TD, transverse diffusivity.
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Table 2
MRI associations with 25(0OH)D3 and clinical features.
T1 Volume T2 Volume BPF WB-MTR NABT-MTR NAGM-MTR
r* (pvalue) r* (pvalue) r (pvalue) r (pvalue) r (pvalue) r (pvalue)

25(0OH)D3 0.03 (0.59) 0.01 (0.91) —0.06 (0.31) 0.17 (0.007) 0.12 (0.07) 0.15 (0.02)
D-9HPT 0.16 (0.01) 0.15 (0.01) 0.02 (0.77) —0.04 (0.55) —0.02 (0.69) —0.02 (0.74)
T25FW 0.07 (0.27) 0.07 (0.24) 0 (0.99) —0.05 (0.41) —0.04 (0.49) —0.05 (0.42)
LCVA —0.15 (0.01) —0.15 (0.02) 0.15 (0.01) 0.06 (0.37) 0.07 (0.29) 0.06 (0.37)
SDMT —0.31 (<0.001) —0.31 (<0.001) 0.38 (<0.001) 0.20 (0.001) 0.27 (<0.001) 0.19 (0.002)
EDSS 0.20 (0.001) 0.23 (<0.001) —0.21 (<0.001) —0.08 (0.20) —0.09 (0.14) —0.16 (0.01)

25[OH]D3, 25-hydroxyvitamin D3; p-9HPT, dominant hand 9-hole peg test; T25FW, timed 25 foot walk; LCVA, 2.5% low contrast visual acuity test; SDMT, Symbol
Digit Modality Test; EDSS, Expanded Disability Status Scale; BPF, brain parenchymal fraction; WB-MTR, whole brain magnetization transfer ratio; NABT-MTR,
normal appearing brain tissue MTR; NAGM-MTR, normal appearing grey matter MTR.

* Spearman correlation coefficient.

2014). Our study population was older, had a longer disease duration,
only used cross-sectional data, and was not able to evaluate new lesions
formation, as contrast was not given. In a retrospective study of a
heterogenous, unselected group of MS patients (554 patients: 51.8%
RRMS, 34.1% SPMS and 14.0% PPMS) highlighted that vitamin D levels
were only associated with the occurrence of relapses in younger MS
patients (Muris et al., 2016b). This may suggest that vitamin D has
more effect on the early inflammatory portion of the disease which are
measured by lesional and atrophy measures and may help explain why
there was no correlation in our study Smolders et al., 2008; Mowry
et al., 2018).

In our study, there was a positive correlation between 25(OH)D;
levels and measures of myelin content as measured by MTR, suggesting
a potential protective role of vitamin D in myelin integrity. The me-
chanism for this potential myelin protection in progressive MS is not
clear, but may be related the proposed mechanisms for vitamin D in
RRMS which include immune modulation, downregulation of proin-
flammatory markers, and antioxidant effects (Nataf et al., 1996; Chen
et al., 2003; Lemire, 1992). We hypothesize that many of these effects
may also have a protective role over myelin in progressive MS.

MTR has been proposed as a marker of myelin content and is sen-
sitive to show disability and treatment effects in progressive MS
(Kutzelnigg et al., 2005; Hayton et al., 2012; Khaleeli et al., 2007). Our
data demonstrates an association of vitamin D levels with myelin
measures in both lesional and non lesional tissue supported by a cor-
relation with higher SDMT and EDSS scores. The positive associations
between vitamin 25(0OH)D; and WB/NAGM-MTR values suggest that
vitamin D may have a protective role in progressive MS patients. The
lack of correlation between T1/T2 measures in our dataset supports the
possibility vitamin D has an effect separate for formation of new lesions.

There is much debate about the adequate levels of 25(OH)D and the
target for replacement (Kennel et al., 2010; Hollis, 2008). Our results

showed progressive MS patients with 25(OH)D3 levels greater than
30 ng/ml had preserved WB-MTR and NAGM-MTR when compared to
vitamin D deficient patients. More research is needed to validate the
ideal target for vitamin D levels, as many have proposed targeting levels
above what has previously been considered sufficient (Dawson-Hughes
et al., 2005; Holick, 2006; Bhargava et al., 2014). The ideal target in
progressive MS remains unknown.

This study has several limitations. Studying vitamin D levels in a
progressive MS cohort with an average disease duration of 16 years
poses inherent difficulties with establishing causal links to a disease
that evolved over more than a decade. It is also quite possible that a
modern MS cohort will be more likely to have vitamin D supple-
mentation as there is a growing awareness about the importance of
vitamin D in the clinical settings. Regretfully, use of vitamin D sup-
plementation data was not available in the SPRINT-MS study. There
were also no measures of UV exposure (including sunscreen use)
available in the dataset which has been independently associated with
MS onset and disease progression (Lucas et al., 2011). Other life style
elements such as smoking, exercise or dietary intake were not con-
sidered in the analysis. An additional aspect to consider is the cross-
sectional design of this analysis with the lack of longitudinal vitamin D
levels. Some studies have shown vitamin D may have long term effects
including levels in utero being a risk factor for the disease during
adulthood (Munger et al., 2016). To truly identify if vitamin D has a
myelin protective role would require a more comprehensive, long-
itudinal prospective study. Other helpful MRI markers for disease ac-
tivity in progressive MS such as enhancing lesions and cortical thickness
were not available for analyses and could have offered further evidence
for a role of vitamin D independent of inflammation. This study pro-
vides limited support regarding the importance of vitamin D in pro-
gressive MS through its observations regarding myelin integrity as in-
dicated by MTR.

Table 3

Multivariate regression analysis of 25(OH)D3 and other factors explaining MRI Feature.
WB-MTR NABT-MTR NAGM-MTR
Variable b* B pvalue b* B* pvalue b* B* pvalue
25(0OH)D3 0.0021 0.1524 0.01 0.0016 0.1098 0.08 0.0019 0.1377 0.03
Month 0.0091 0.1030 0.09 0.0092 0.1005 0.10 0.0039 0.0437 0.48
Latitude —0.0072 —0.1044 0.09 —0.0076 —0.1052 0.09 —0.0030 —0.0421 0.50
Age 0.0042 0.1186 0.07 0.0013 0.0340 0.60 0.0008 0.0213 0.75
Sex —0.0269 —0.0508 0.42 —0.0027 —0.0050 0.94 0.0239 0.0445 0.49
MS duration —0.0003 —0.0112 0.86 —0.0007 —0.0254 0.70 0.0001 0.0060 0.93
SDMT 0.0043 0.2367 0.0001 0.0054 0.2900 <0.0001 0.0032 0.1726 0.01
EDSS - - - - - - —0.0072 —0.1021 0.12

25[OH]D3, 25-hydroxyvitamin Ds; MS, Multiple Sclerosis; SDMT, Symbol Digit Modality Test; EDSS, Expanded Disability Status Scale; WB-MTR, whole brain
magnetization transfer ratio; NABT-MTR, normal appearing brain tissue MTR; NAGM-MTR, normal appearing grey matter MTR.

* Regression coefficient.
*+ Standardized coefficient.
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