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Abstract: Background: Multiple sclerosis (MS) is a chronic autoimmune disease of the central nerv-
ous system, with symptoms that greatly affect quality of life (QoL). One of the most prevalent symp-
toms of MS is fatigue, also one of the main factors reducing QoL. Low levels of vitamin D (VD) are
associated with worse QoL and with increased risk of developing more severe forms of the disease.
Methods: In this cross-sectional study, we compared perceptions of quality of life and fatigue in 324
patients, subdivided into four groups, according to their treatment: high-dose VD therapy only,
disease-modifying therapy (DMT) only, both treatments, and no treatments. All subjects completed
the MSQOL-54 and the FSS questionnaires via an online survey. Results: High-dose VD treatment
was associated with an increased perception of physical QoL (83.60 vs. 66.92, p < 0.001), mental QoL
(75.52 vs. 59.80, p < 0.001), and fatigue (1.89 vs. 2.98, p < 0.001), compared to the DMT-only group.
Treatment with DMT was associated with a worse perception of physical QoL compared to no treat-
ment (70.58 vs. 76.53, p = 0.024). Conclusions: high-dose VD treatment is well-tolerated and associ-
ated with an increased perception of QoL in people with MS.

Keywords: multiple sclerosis; vitamin D; Coimbra protocol; quality of life; mental health;
physical health; fatigue

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous sys-
tem, characterized by inflammation and demyelination, with a varying degree of neuroax-
onal damage and atrophy [1,2]. Motor and cognitive deficits are the main drivers of disa-
bility that patients experience throughout the course of the disease and have a significant
impact on their quality of life (QoL) [3]. The expanded disability status scale (EDSS) was
designed and validated to better measure and describe the clinical course and severity of
functional deficits in people with MS (PwMS) [4]. Higher EDSS scores indicate greater
disability and are associated with lower QoL [5].

MS is the most common cause of nontraumatic disability among young adults, with
an estimated prevalence of 142/100,000 people in Europe [6]. The female to male ratio of
this disease is approximately 2.2:1, and the mean age of onset in Europe is 32 years old
[6]. The young age of presentation entails a very high economic burden, which worsens
with increasing disability, mainly due to the increase in nonhealthcare costs (need for in-
formal care) and indirect costs (loss of productivity) [7].

Multiple sclerosis quality of life-54 (MSQOL-54) is one of the most widely used scales
to assess health-related QoL in PwWMS and has been validated in numerous languages
besides English [8]. It consists of 54 items across 12 multi-item domains. MSQOL-54 is a
well-accepted test that is quick and easy to fill out by patients autonomously. The results

Clin. Transl. Neurosci. 2023, 7, 12. https://doi.org/10.3390/ctn7020012

www.mdpi.com/journal/ctn



Clin. Transl. Neurosci. 2023, 7, 12

2 of 18

of this questionnaire allow us to identify two dimensions underlying the perception of a
patient’s QoL: physical health and mental health [9].

One of the main physical factors determining the overall quality of life in PwMS is
fatigue [10]. Fatigue is considered the most disabling symptom in 50-60% of PwMS, af-
fecting up to 80% of them [11,12]. It can present from the onset of the disease and across
all MS phenotypes [13]. The MS Council for Clinical Practice Guidelines defines fatigue as
“subjective lack of physical and/or mental energy that is perceived by the individual or
caregiver to interfere with usual and desired activities” [14]. Being a multidimensional
symptom subjectively experienced by each person, it is difficult to objectify in clinical
practice. Therefore, fatigue assessment is often overlooked in the routine evaluation of
PwMS. Nevertheless, several scales have been formulated in order to evaluate fatigue in
MS. Among these, one of the most popular and most often administered is the fatigue
severity scale (FSS) [15]. The FSS is a nine-item questionnaire, focusing on the assessment
of the impact of fatigue symptoms on an individual’s daily functioning. The overall score
is calculated from the average of the nine items and ranges from 1 to 7. The results are
robust and uniform across all populations in which this scale has been validated [16]. Nu-
merous studies have suggested a cut-off for the definition of fatigue at a score >4 [17,18].

At present, there is no definitive cure for MS. However, multiple approaches can be
adopted to modify the course of the disease and manage symptoms in order to improve
quality of life [19]. Many immunomodulating agents have been discovered in the past 30
years and can now be used as disease-modifying therapies (DMTs). There is a lot of evi-
dence showing that the use of DMTs in MS can reduce the frequency of relapses, the ap-
pearance of new brain and spinal lesions, and slow down disability worsening [20]. In
recent years, the need to personalize treatment for each specific patient has emerged as
increasingly important. Personalized therapy must take into account several factors, in-
cluding efficacy, tolerability, and practicality. This is important in MS, due to the hetero-
geneous clinical presentation and the unpredictable course of the disease, as well as the
inter-individual variability in terms of response to therapy [21]. Another key aspect in the
management of MS is symptomatic treatment, which aims to mitigate or remove symp-
toms of MS that impact patients’ functional abilities and includes both pharmacological
and non-pharmacological approaches [22]. Choosing the best DMT and adequate symp-
tom management for each patient can lead to an improvement in the quality of life for
PwMS and reduce the impact of disability [23].

Among the environmental factors with the strongest evidence of correlation with the
risk of developing MS are EBV infection, vitamin D deficiency, obesity, and smoking
[24,25]. In particular, a higher serum vitamin D concentration (particularly in young adult-
hood) has been shown to be associated with a lower risk of developing MS in subsequent
years [26]. Lower vitamin D levels are also considered to be long-term risk factors for the
number and duration of MS relapses, as well as predictors of evolution to the progressive
form of the disease [27,28]. There is also evidence suggesting that the intake of vitamin D
supplements correlates with an improvement in both physical and mental QoL in PwMS,
measured by the MSQOL scale [29,30].

Vitamin D has numerous effects on the immune system. It inhibits the proliferation
and differentiation of B cells, thus reducing the production of immunoglobulins. In addi-
tion, VD induces a shift from the Thl to Th2 phenotype, favoring the induction of Tregs.
These mechanisms lead to a decline in the production of inflammatory cytokines, such as
IL-12 and IL-17, and to an increase in anti-inflammatory cytokines, such as IL-10 [31]. VD
also exerts its anti-inflammatory effects on monocytes, macrophages, and dendritic cells
[32]. Due to these mechanisms, vitamin D deficiency has been associated not only with
MS, but also with numerous other autoimmune, oncological, infectious, and cardiovascu-
lar diseases [33].

The clinical definition of vitamin D deficiency and the exact dosage of vitamin D to
give as a supplement has been the subject of debate. If daily intakes of 600-800 IU might
satisfy the requirements for bone health, it is known that higher doses (1000-2000 IU) are
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often needed to reach and maintain 25 (OH) D levels > 30 ng/mL [33,34]. However, some
individuals may have some form of vitamin D resistance. As a result, they would not be
able to reach optimal levels of 25 (OH) D even taking the recommended doses of vitamin
D. Multiple polymorphisms of genes encoding different proteins involved with the vita-
min D system could underlie this resistance. Indeed, these polymorphisms are all associ-
ated with autoimmune diseases [35,36].

Based on these assumptions is the Coimbra protocol, in which high doses of vitamin
D (about 1000/IU/kg per day at the beginning, up to 40/200.000 IU per day) are adminis-
tered, accompanied by regular sonographic checks of the kidneys and monitoring of cal-
cium homeostasis, to overcome vitamin D resistance. Of course, the protocol also requires
that patients take some precautionary measures, such as avoiding dairy products and con-
suming at least 2.5 L/day of water [33,35].

In PwMS, three studies have already evaluated the safety of high-dose vitamin D (up
to 40,000 IU/day with or without concomitant calcium supplementation) for 12, 28, and 52
weeks. Although plasma levels of 25 (OH) D above the normal range were reached in these
trials, neither significant adverse events nor significant increases in calcium levels were
reported, demonstrating the safety of high-dose vitamin D supplementation [37-39].

The present study aims to compare patients on high-dose VD therapy according to
the Coimbra protocol, with or without concomitant use of a DMT, with patients not using
VD and with patients not receiving any therapy. The aim is to verify whether treatment
with high-dose VD is related to a better perception of the quality of life in PwMS.

2. Materials and Methods
2.1. Participants and Procedures

In this cross-sectional study, patients diagnosed with MS according to the 2017
McDonald criteria were enrolled in different Italian MS centers starting from 17 April 2021
[40]. Patients were invited to complete an online survey developed through the web ap-
plication “Limesurvey”, “https://www .limesurvey.org” (accessed on 20 December 2022).
Data from 448 PwMS were collected from 17 April to 17 May 2021.

For the purpose of this study, the following data were collected:

e sociodemographic information (i.e., age, gender, weight, marital status, employment
status);

e clinical information (i.e., MS duration, EDSS, dosage of vitamin D taken, use of
DMTs, adherence to the Coimbra protocol);

e  perception of quality of life: total physical health (TPH) and total mental health
(TMH) (the two components of the MSQOL-54 questionnaire);

e  perception of the impact of fatigue in daily life (FSS).

The study was performed in accordance with the Declaration of Helsinki, EU regu-
lations 2016/679 and 2018/1725. All subjects gave informed consent before participating in
the online survey.

2.2. Statistical Analysis

The scope of this analysis was to evaluate if high-dose VD treatment, as defined by
the Coimbra protocol, significantly impacts the quality of daily life and the fatigue per-
ception of PwWMS, compared with DMTs. Linear regression analysis was used to study the
effects of demographic and treatment variables on the indexes TPH, TMH, and FSS, sep-
arately. This method allows one to determine which variables significantly impact the
daily-life-quality indicators considered, net of the confounding effects given by the other
variables. In the linear regression model, we defined a reference group that was a subset
of statistical units with specific values of regression variables. Then, through the regres-
sion coefficients, we measured whether a variation of the regression variables significantly
affected the average outcome value, compared to the reference group. Such evaluation is
performed using t-tests, and when the regression residuals could not be assumed to be
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1. Data selection =————

Gaussian distributed, we performed the tests using a bootstrap resampling scheme for
linear regression [41]. In addition, for every regression analysis, we performed a selection
of the demographic variables using a model selection procedure based on the AIC index
[42]. All the regression analyses presented in this article verified the linearity assumption
of the linkage between the response variable and the regression function (Figure A1l in the
Appendix A). Therefore, there was no need to apply any transformations of the response
variables, like the Box-Cox transformation [42].

The first regression analysis looked at the effect of different variables on TPH in the
entire sample.

Second, we performed a further analysis on a restricted sample, in order to directly
compare VD-only- and DMT-only-treated subjects. To evaluate the effect of VD treatment
on the daily life quality compared to DMT, we performed three distinct regression anal-
yses.

EDSS has been treated as a numeric variable because, as it emerged, the average TPH
decreased with an approximately linear trend as the EDSS level grew, both in the VD-only
and in the DMT-only cohorts. With this method, it is possible to estimate the average effect
of a unitary increase of the EDSS level on the TPH, without excessively increasing the
number of parameters in the regression model.

Lastly, we conducted an additional investigation to determine whether interaction
effects between treatment and demographic variables had a significant impact on the TPH,
TMH, and ESS. To achieve this, we incorporated interaction variables into the linear re-
gression models previously described. If the regression coefficient associated with an in-
teraction term was significantly non-null, it implied that the mean level of the outcome
index (TPH, TMH, or FSS) changed on average. This also implied that the connection be-
tween the index and the demographic variable involved in the interaction changed as well,
determining a different response to the treatment examined.

Figure 1 shows a workflow that summarizes the steps of the analysis. The entire anal-
ysis was performed using the R programming language [43]. The linear models were fitted
using the functions implemented in the base library; all the graphs were produced using
ggplot2, and the bootstrap procedure was performed using the library boot.

4. T-test

Yes

Are the

2. Definition of 3. Model selection _____ regression

the variables with AIC hypotheses
respected?

No

4. Bootstrap test

Figure 1. Workflow of the analysis. Step 1 selects the cohorts of patients. Step 2 selects the demo-
graphic variables of interest for the study. Step 3 selects which of the variables from Step 2 should
be included into the regression analysis of the TPH, TMH, and FSS. Step 4 selects which test should
be used to evaluate the demographic variables that have a significant impact on the three daily-life-
quality indicators considered.
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3. Results

3.1. Characteristics of the Study Sample

Data from 448 PwMS were collected from 17 April to 17 May 2021. Among these, 124
patients were excluded from the final analysis for not completing all tests or because they
were unable to provide information, such as EDSS, year of diagnosis, or disease pheno-
type. The final study sample included 107 patients on DMT alone, 125 on high-dose vita-
min D alone, 36 on both therapies, and 56 on no therapy. The sociodemographic charac-
teristics of the sample under study are summarized in Table 1, Figure 2, and Figure 3.

Table 1. Demographic characteristics of our sample.

Total VD

No . p-Value
Variable Groups DMT Only vD DMT+ Treat- Patients p-Value (VD Only and
Only VD Per Class
ment DMT Only)
(%)
18-30 8 22 3 1 25 (73.5)
Age 31-45 48 63 20 27 83 (52.5) 0.01 0.014
46-70 51 40 13 28 53(40.2)
Male 16 31 14 12 45 (61.6)
Sex 0.024 0.09
Female 91 94 22 44 116 (46.2)
40-60 kg 51 58 12 22 70 (49)
Weight 61-80 kg 38 55 17 26 72 (52.9) 0.369 0.184
>80 kg 18 12 7 8 19 (42.2)
0-10 60 64 24 19 88 (52.7)
Years
since di- 11-20 28 42 6 22 48 (49) 0.041 0.463
agnosis
>20 19 19 6 15 25 (42.4)
Single 18 30 15 11 45 (60.8)
Marital Mﬁ”;?td/ fo' 71 88 17 44 105 (47.7)
artta abttan <0.001 0.016
status
Separated/Di-
vorced/Wido 18 7 4 1 11 (36.7)
w
Active
worker/unem-
Employ- loyed/inac-
ment %Y 93 118 33 41 151 (53.0)
tive worker
status (for reasons
<0.001 0.08

not related to
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the health sta-
tus)
Inactive
worker (for
health rea. 14 7 3 15 10 (25.6)
sons)
Disease Relap,ﬁ?‘g‘re‘ 9 106 25 33 131 (511)
pheno- mithing <0.001 0.946
type Progressive 15 19 11 23 30 (44.1)
0-3.5 73 101 24 29 125 (55.1)
EDSS 0.001 0.04
>4.0 34 24 12 27 36 (37.1)

The last two columns show the chi-square group proportions test comparing (1) the four groups of
treatments and (2) only the courts treated with VD or DMT. In bold: significant differences in the
proportions of patients using different treatments across the levels of a variable.

Monoclonal Injectable first-line
antibodies: 44 DMTs: 37
31% 26%

Oral DMTs: 62
43%

M Injectable first-line DMTs: 37 M Oral DMTs: 62  m Monoclonal antibodies: 44

Figure 2. Distribution of disease-modifying therapies in subjects included in the final analysis.
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> 190.0001U

150.000-190.0001U

110.000-150.0001U

70.000-110.0001U

30.000-70.0001U

m Concomitant DMT ®Only VD

Figure 3. Daily vitamin D dosages taken by subjects included in the final analysis, with and without
concomitant DMTs.

3.2. Results of the Regression Analysis on TPH in All Four Groups

Table 2 shows the results of a linear regression analysis that correlates the TPH index
with the EDSS, the demographic information on age and weight, and the treatment of 324
patients. The regression does not consider the variables sex and marital status of the pa-
tients because they were excluded by the variable selection phase. By reference group, we
denoted patients with an EDSS of 0, without therapy, in the 18-30 age group, and with a
weight between 40 kg and 60 kg. In addition, they were active workers or inactive workers
but not for health reasons. High-dose VD treatment was associated with a significant in-
crease in mean TPH (+9.92, t-test p-value < 0.001), net of the effects of age, weight, and
EDSS, while DMT was associated with a significant decrease in mean THP (-5.96, t-test p-
value =0.024). In addition, we evaluated whether there were interactions of the treatments
with some demographic variables and with the EDSS that produced a significantly non-
null effect on the TPH. To do so, we fitted the extended regression model with 40 regres-
sion coefficients in total. However, the AIC model selection criterion removed all possible
interaction terms, leading to the same model discussed earlier. We concluded that, from
the available data, no interaction effects between the treatments and the demographic var-
iables were associated with TPH.
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Table 2. Linear regression analysis of the TPH index according to the EDSS level, treatment, and
demographic data of the patients selected through the AIC.

Mean TPH (Diff. from

Reference) Standard Error p-Value
Reference group 76.53 3.80 <0.001
EDSS single point increase (-4.70) * 0.46 <0.001
Age 3145 years 71.80 (-4.73) 3.04 0.120
Age 4670 years 69.51 (-7.02) 3.22 0.030
Weight 61-80 kg 79.53 (3.00) 1.91 0.117
Weight > 80 kg 72.13 (-4.41) 2.71 0.105
DMT group 70.58 (-5.95) 2.62 0.024
VD group 86.46 (9.92) 2.65 <0.001
DMT+VD group 77.03 (0.50) 3.38 0.883
Inactive worker (for health 64.03 (-12.50) 302 <0.001

reasons)

The first column shows an estimate of how much the average TPH varies as the conditions change,
compared to the reference group. The EDSS box is marked with * to denote that the coefficient must
be interpreted as the average change in the mean level of TPH when the EDSS level is increased by
one point. p-value < 0.05 denotes a statistically significant difference in the average TPH in the two
groups.

3.3. Analysis of VD-Only Versus DMT-Only Groups

As for the direct comparison between patients on VD (125 subjects) and those on
DMT (107 subjects), the two treatment arms were comparable for most demographic var-
iables, although they differed in age (patients on VD only were, on average, younger) and
the EDSS (subjects on VD only had a lower level of disability). In the analysis presented
in Section 3.2, population size differences were partly taken into account by the estimated
standard errors. In this other analysis, we further reduced these differences by focusing
only on two specific treatment arms. Figure 4 shows a graphical comparison of the TPH,
TMH, and FSS within the two treatment groups at every EDSS level.
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Figure 4. Difference in (a) perceived TPH, (b) perceived TMH, and (c) FSS, stratified by the EDSS in
the two groups.

The variables selected for the analysis of TPH using the restricted sample appear in
the top line of Figure 5, and numerical values are reported in the top part of Table Al. The
reference group consisted of patients who were either active workers or inactive workers
but not for health reasons, treated with DMT, and with an EDSS of 0. Results showed that
the average TPH increased by 16.69 for patients treated with high-dose VD treatments (p-
value < 0.001). In addition, we extended the regression model by considering the interac-
tion of the treatment variable with the EDSS and all the demographic variables. However,
the AIC applied to the extended model removed all the interaction terms, leading us to
conclude that no interaction effects emerged from the data.



Clin. Transl. Neurosci. 2023, 7, 12 10 of 18

TPH regression assuming 2 groups TPH regression assuming 2 groups

Average TPH
Average TPH
B
o

N
o

n

o

0 0
Unemployed for health reasons Vitamin D (1-1.5) (2-2.5) (3-3.5) (4—4.5) (5-5.5) (6-6.5) (>7)
Categorical variables EDSS
TMH regression assuming 2 groups
80
BOw == == o == = e e e e e e e e e e e e e e e e e e e e
=
£
§.40
$
<
20
0
Vitamin D Woeight 61-80 Weight >80 Married: Separated/ Unemployed for
Cohabitant Divorced/Widow health reasons

Categorical variables

FSS regression assuming 2 groups FSS regression assuming 2 groups
5
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Vitamin D Age 31-45 Age 46-70 Weights 61-80 Weight >80

(1-15) (2-25) (3-35) (4-4.5) (5-5.5) (6-6.5) (>7)
Categorical variables EDSS

Figure 5. Linear regression analysis of the TPH, TMH, and FSS indexes, using the cohorts of patients
treated with VD or DMT. The variables included in each regression model were selected using the
AIC. Vertical bars represent the regression coefficients, while error bars denote the 95% confidence
intervals. The horizontal black dashed lines are the average values of TPH, TMH, and FSS within
the reference groups. If a horizontal bar crosses an error bar, then the variable associated to that

error bar does not significantly change the average value of the response, compared to the reference
group. For illustration purposes, we show the effects of the EDSS levels.

The variables selected for the analysis of TMH appear in the central graph of Figure
4 (numerical values are reported in the central part of Table 1). The reference group con-
sisted of patients who were either active workers or inactive workers but not for health
reasons, not involved in any relationship, with a weight between 40 kg and 60 kg, treated
with DMT, and with an EDSS of 0. The effect of high-dose VD treatment increased the
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average TMH value by 15.72 (p-value < 0.001) compared to the reference group, net of the
effects of the other variables. Again, we examined the interaction of the treatment variable
with the EDSS and all the demographic variables, as we did earlier with the analysis of
TPH. For the TMH index as well, no relevant interaction effects were observed.

The variables selected for the analysis of the FSS appear in the bottom part of Figure
4 (numerical values are reported in the bottom part of Table Al). The reference group con-
sisted of patients with an EDSS of 0, with an age between 18 and 30, a weight between 40
kg and 60 kg, and treated with a DMT. T-tests were conducted to evaluate the significance
of the selected variables. VD-based treatments were associated with lower perceived fa-
tigue (1.09 decrease, p-value < 0.001) compared to the reference group, net of the effects of
the other variables. As might be expected, there was also a significant increase in the mean
FSS score for each 1-point increase in the EDSS (+0.3, p-value < 0.001), in older age groups
(+1.15 and +1.17, p-values < 0.001), and in the group weighing more than 80 kg (+0.95, p-
value = 0.003). In this case, an almost significant interaction effect between the treatment
variable and the EDSS (p-value = 0.053) emerged. The estimated interaction term was
+0.190, which led to an estimated average increment of +0.382 of the FSS for any 1-point
increase of the EDSS class in the VD cohort, against an estimated average increment of
+0.192 in the DMT cohort. Details are given in Figure A2.

4. Discussion
4.1. Summary and Contributions

In this multi-center, cross-sectional study, we compared patients on high-dose VD
therapy, with and without concurrent use of a DMT, with patients not using high-dose
VD and with patients not receiving any therapies. Particularly, we looked at three varia-
bles that best characterize quality of life in PwMS: TPH, TMH (the two components of the
MSQOL-54 questionnaire), and the FSS. We analyzed how each demographic variable,
especially different therapies, modified these indexes, compared to a previously defined
reference group.

Initially, we compared all four study populations on perceived physical health. The
analysis shows that age and EDSS score negatively affect TPH. Most importantly, how-
ever, data show that treatment with DMTs is associated with a reduction in perceived
physical health compared to no treatments at all, while high-dose vitamin D is associated
with an improved perception of physical health.

We then narrowed the sample to two populations, VD-only-treated patients and
DMT-only-treated patients, and performed another analysis, considering all three out-
come measures.

We found that treatment with high-dose VD is associated with an increase in TPH of
16.69 points (p < 0.001), an increase in TMH of 15.72 points (p < 0.001), and a decrease in
the FSS of 1.09 points (p < 0.001), compared to treatment with DMT only.

The relationship between circulating VD levels and measures of quality of life and
fatigue has been assessed in other studies [29,30,44]. A recent systematic review has fur-
ther strengthened the evidence that vitamin D administration, alone or in combination
with DMTs, is associated with improvements in mood, mental health, physical health, and
fatigue [45].

In MS, VD has been administered as a supplement for decades, and it is known that
VD deficiency represents a pathogenetic risk factor and can influence disease activity ac-
crual in clinically defined MS [33]. Few studies have analyzed the clinical efficacy of VD
in MS, and most of these suffer from methodological errors or too small sample sizes [46].
Although the results obtained are conflicting and ambiguous, there is already evidence
supporting a positive effect in the clinically isolated syndrome and in early MS.

It is known that PwMS have a minor increase in circulating 25(OH)D levels after VD
supplementation [47]. The recent discoveries of polymorphisms affecting VD resistance in
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PwMS might represent the substrate for the administration of higher doses compared to
the rest of the general population [48,49].

In psoriasis, another autoimmune disease, high-dose VD has been used successfully
in a series of patients not taking any other therapies and has been shown to be highly
effective, without raising safety concerns [50]. As for MS, there is already some evidence
that high-dose VD supplementation could be effective and safe in people not taking any
DMTs, as well as when administered as an add-on therapy [51,52]. The efficacy of this
approach in MS could be mediated by a reduction in the levels of IL-17, a cytokine that
plays a crucial role in the pathogenesis of this disease and whose production is also re-
duced by other DMTs [53,54]. Despite this evidence, studies on the subject are still scarce,
and clinical trials for this purpose will have to be carried out.

4.2. Strengths and Limitations

While many studies have focused on the impact of VD supplementation on MS, ours
is the first study to evaluate perceptions of physical health, mental health, and fatigue in
patients taking high-dose VD. These measures were compared across treatment groups,
and we found treatment with high-dose VD alone to be associated with better outcome
measures than treatment with DMTs alone.

Our study has some limitations. Firstly, it is a cross-sectional, noninterventional
study; therefore, the potential for reverse causality makes a causal interpretation of the
results impossible. Secondly, even after restricting our sample to patients treated with
DMT or VD, we still observed a higher prevalence of younger patients or patients with a
lower EDSS level (0-3.5) in the VD treatment group compared to the DMT group. The
regression analysis accounts for these disparities in computing the p-values; nevertheless,
we believe that randomized trials are more suitable for selecting a properly balanced sam-
ple than are observational studies. Furthermore, the study is based primarily on self-re-
ported data on vitamin D intake and perceptions of quality of life and fatigue; therefore,
our results may be affected by a reduced reliability of what the patients themselves may
have declared. Finally, 124 patients failed to complete the questionnaire and had to be
excluded from the final analysis, thus reducing the statistical power of our results.

4.3. Future Work

In the present study, we demonstrated a correlation between high-dose VD therapy
and indicators of well-being. Future longitudinal studies are needed to establish whether
this improving effect on quality of life and fatigue, as well as the effect on neuroinflam-
mation and neurodegeneration, is directly caused by this treatment in PwMS.

In future studies, plasma VD concentrations will also need to be taken into account,
as well as other factors that may influence physical and mental health, such as sleep qual-
ity, mood, diet, and physical activity [55-58].

5. Conclusions

High-dose VD is well-tolerated, as demonstrated in other studies [37,53,59,60]. Our
cross-sectional work demonstrated that, in PwMS, high-dose VD treatment is also associ-
ated with improved perception of quality of life and fatigue. This possible link deserves
to be further explored in randomized longitudinal studies.
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Appendix A

This section includes additional graphs and tables.

Figure A1l displays some diagnostic graphs we used to check if models presented in
Sections 3.2 and 3.3 respected the standard linear regression assumptions.

The four graphs compare the predicted response values (also called fitted values)
with the model residuals. In every scenario, fitted and residual values appear as uncorre-
lated, thus confirming that the linearity assumption is always respected, and no transfor-
mation of the response variables is required. In addition, the residuals randomly spread
around 0 within the same range of variability for all the levels of fitted values, so we can
also confirm that the homoskedasticity assumption is respected. We conclude that the ap-
plied linear regressions are adequate to analyze these data.
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Figure Al. Comparison between the estimated values and the regression residuals obtained from
the regression analyses presented in Sections 3.2 and 3.3. Red lines denote nonparametric LOWESS
regressions [42]. The bottom right graph refers to the regression analysis of the FSS without consid-
ering the interaction between treatment and the FSS. Residuals from the extended model are not
reported here as they are essentially equivalent to the ones obtained from the model without the

interaction term.

Table Al displays numerical details about the regression analyses performed in Sec-

tion 3.3.

Table A1. Details of the linear regression analysis of TPH, TMH, and FSS, for VD-only and DMT-

only cohorts, explained in Section 3.3.

Mean Result (Diff. from

Reference) Standard Error p-Value
Total Physical Health *

Reference group 66.91 2.03 <0.001
EDSS single-point increase (-5.12) 0.55 <0.001
Inactive worker (for health 51.71 (-15.20) 401 <0.001

reasons)
VD group 83.60 (16.69) 2.10 <0.001
Total Mental Health *
Reference group 59.80 3.35 <0.001




Clin. Transl. Neurosci. 2023, 7, 12

15 of 18

Weight 61-80 kg 65.97 (6.17) 2.67 0.021

Weight >80 kg 57.53 (-2.27) 3.87 0.565

Married/Cohabitant 51.75 (-8.05) 3.18 0.014

Separated/Divorced/Widow 50.96 (-8.84) 4.79 0.062

Inactive worker (for health 41.69 (-18.11) 437 <0.001
reasons)

VD group 75.52 (15.72) 2.56 <0.001

Fatigue Severity Scale

Reference group 2.98 0.34 <0.001
EDSS single-point increase (0.30) 0.05 <0.001
Age 3145 4.12 (1.15) 0.32 <0.001
Age 46-70 4.15(1.17) 0.34 <0.001
Weight 61-80 kg 2.88 (-0.1) 0.21 0.649
Weight > 80 kg 3.93 (0.95) 0.31 0.003
VD group 1.89 (-1.09) 0.21 <0.001

FSS regression, DMT group

The variables included in each regression model were selected using the AIC. * Denotes that stand-
ard errors and p-values were computed using a bootstrap procedure, rather than using the t-test.

Figure A2 displays the results from the additional regression analysis with interac-
tions presented in Section 3.3. In particular, it describes the relation between the EDSS and
FSS in the two cohorts of patients, treated respectively with DMT and VD. The average
increase in the FSS is associated with an increase in the EDSS level of 0.192 in the DMT

cohort and of 0.382 in the VD cohort. The p-value associated with this interaction term is
0.053.

FSS regression, Vitamin D group

51 51
4 4
o) [T T A A TR R S )
@3 B3
(] (0]
g g
DAl [N
i z2_ pumene NN (U DR B IR S
11 1]
0 o!
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Figure A2. Results from the linear regression analysis of the FSS performed in performed in Section
3.3, using the model that includes the interaction between the EDSS and treatment.
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