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Background: Cerebral white matter lesion (WML) formation in people with multiple sclerosis (pwMS) is linked to the death of
myelin-producing oligodendrocytes. Current MS treatment strategies focus on limiting WML accumulation and disability. Using
a pathology-supported genetic testing (PSGT) program, we identified specific risk factors for MS, categorized as deficiencies and
aggravators. We developed a novel clinical methodology to mitigate these risk factors, including personalized lifestyle
interventions and optimization of cerebral nutrients to prevent oligodendrocyte demise and promote remyelination.

Objective: To conduct a pilot case-control study over a 10-year period to ascertain whether the PSGT Program can reduce or
prevent WML formation in pwMS.

Methods: MRI was performed at baseline as well as after an interval period of at least 10 years or longer in 22 pwMS. WML
volumes were determined using Sequence Adaptive Multimodal SEGmentation (SAMSEG) software, part of FreeSurfer 7.2.
Other variables included age at MRI, disease duration, disability status, and medication.
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Results: PwMS (1 = 13) who had followed the PSGT program for more than 10 years, had significantly smaller lesion volumes
(mm®) compared to pwMS who did not adhere to the program (n=9) (4950 5303 vs. 17934 + 11139; p = 0.002). WML
volumes were significantly associated (p = 0.02) with disability (EDSS) but not with age (p = 0.350), disease duration (p = 0.709), or

Interferon-f3 treatment (p = 0.70).

Conclusion: Dietary and lifestyle changes may lower the risk of developing cerebral WMLs in pwMS and potentially slow disease
progression. Larger studies are required to confirm the effectiveness of such interventions in pwMS.

Keywords: diet; lifestyle; MRI; multiple sclerosis; SAMSEG; white matter lesion volumes

1. Introduction

Multiple sclerosis (MS), the most common inflammatory
disorder of the central nervous system (CNS) affecting
young adults, is associated with damage to the myelin
sheaths surrounding the nerve axons in the CNS. This causes
disruption of signal transmission within the CNS and from
the CNS to the peripheral organs, resulting in disability (loss
of function). Radiologically, this manifests as cerebral white
matter lesions (WMLs) [1]. Neuropathological studies con-
firm that early WMLs are associated with the loss of myelin
secondary to the death of myelin-producing oligodendro-
cytes [1]. The precise mechanism of cell death and phagocy-
tosis of myelin are still unclear as both activated microglia
(local macrophages) and monocyte-derived macrophages
from the circulation remove dead oligodendrocytes and
dysfunctional myelin without damaging the axons [2], while
T-cells are rare and plasma cells (B-cells) are absent in these
lesions [1-4]. Concomitantly, oligodendrocyte precursor
cells (OPCs) migrate to the site of the lesion and remyelinate
the axons [1, 2]. (Figure 1). OPCs are stem cells originating
in the ventricular zones that remain abundant in the CNS,
generating myelinating oligodendrocytes throughout adult
life [5]. Therefore, if the remyelination is sufficient, the loss
of function experienced by people with multiple sclerosis
(pwMS) may be transient [6].

Over the last two decades, pathology-supported genetic-
testing (PSGT) research conducted at our institution con-
cluded from published literature and our own results
[6-11] that risk factors for oligodendrocyte demise and
subsequent MS diagnosis and progression fall into two
categories: (1) deficiencies and (2) aggravators (Table 1).

Nutrition is widely recognised as a potential environmen-
tal factor contributing to the development of MS, but its role as
complimentary treatment remains unclear and has been
largely overlooked. Nevertheless, interest in nutrition’s impact
on MS has grown since the 1950s, when Dr Roy Swank’s
studies suggested a link between dietary saturated fat intake
and MS prevalence and disability [22]. Although Swank’s
findings were observational and not based on randomized
controlled trials (RCTs), a recent Systematic Review and
Network Meta-analysis of Randomized Trials by Snetselaar
et al. has addressed this limitation [28]. The analysis included
12 RCTs comparing eight dietary interventions: low-fat,
Mediterranean, ketogenic, anti-inflammatory, Paleolithic,
fasting, calorie restriction, and control (usual diet) [28]. Nota-
bly, the Wahls-modified Paleolithic and Swank low-fat diets
both demonstrated significant improvements in quality of life
(QOL) and reduced fatigue [21], while the Mediterranean diet
was associated with significantly lower disability in pwMS

[29]. A very-low-fat, plant-based diet RCT, which excluded
both saturated fat and unsaturated oils including olive oil,
found an improvement in fatigue and QOL but not in disabil-
ity or MRI outcome measures [30]. In contrast, WML volumes
decreased significantly in some brain regions in pwMS who
followed an anti-inflammatory diet [31].

A limitation of the published diets for MS is that their
benefits for preventing disability progression may be negated
by other risk factors, such as smoking (active or passive) or
lack of exercise. These factors can impair the cerebral circu-
lation which is vital for the adequate delivery of oxygen and
nutrients to the oligodendrocytes [23, 24]. Not all pwMS are
affected similarly; therefore a PSGT Program was developed
at our Institution to identify the risk factor(s) relevant for
specific individuals by assessing biochemical, genetic, diet
and lifestyle information. The results are compiled into
adaptable reports, enabling healthcare providers to offer per-
sonalized recommendations based on the risk factors identi-
fied, such as biochemical imbalances revealed in the blood
test results and lifestyle modification [6].

The present proof-of-concept pilot study tested the
hypothesis that relapse-associated worsening (RAW) and
WML accumulation could be delayed, and serious MS dis-
ease could be prevented, by addressing all risk factors
contributing to oligodendrocyte damage. The study used
3-Tesla MRI (3-T MRI) to measure WML volumes.

2. Methods

2.1. Study Participants, MRI Procedures, and Software
Analysis. This study formed part of a case-control substudy
that recruited 51 pwMS (48 females and 3 males) and 25
controls without neurological symptoms, for vascular
ultrasound of the carotid arteries [23] and assessment of dis-
ability using the Expanded Disability Status Scale (EDSS)
[32], as well as genetic studies [6]. Twenty-five of these
female pwMS as well as 25 age-matched female controls
who had demographic, biochemical, and lifestyle data were
randomly recruited for 3-T MRI at the Cape University
Body Imaging Centre (CUBIC), University of Cape Town.
Inclusion criteria were females, ages 18-60 years with
neurologically confirmed MS according to the McDonald
2001 criteria [33], MRI compatible, nonsmokers, and nor-
motensive (including hypertension managed medically).
Exclusion criteria were other neurological diseases (e.g., neu-
romyelitis optica, acute disseminated encephalomyelitis,
meningitis, or epilepsy), any factors contrary to having an
MRI scan (e.g., mechanical devices and metal fragments), smok-
ing or smoking-related medical pathologies such as chronic
obstructive pulmonary disease, uncontrolled hypertension,
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Demyelination and remyelination in the early MS lesion
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FiGURe 1: Demyelination and remyelination of the early MS lesion as revealed by neuropathological studies [1, 2]. Oligodendrocytes
experience cell death and are unable to maintain the myelin sheath; then, activated microglia or monocyte-derived macrophages digest
(scavenge) the dead oligodendrocytes and dysfunctional myelin without damaging the axons. Thereafter, oligodendrocyte precursor cells
(OPCs) become the new oligodendrocytes and remyelinate the axons, restoring functionality.

TaBLE 1: Genetic, metabolic, and environmental risk factors for disability progression in MS.

Deficiencies

Aggravators

Vitamin D deficiency [12], enhanced by VDR genetic variations [13, 14]
Iron deficiency, enhanced by TMPRSS6, TF, SLC25A37, and CUBN

genetic variations [7, 10, 16]

Vitamin B12/folate deficiency, enhanced by MTHFR genetic variations

and high homocysteine [11, 18-20]
Deficiency of antioxidants (fruit/vegetables) in the diet [11]

Deficiency of unsaturated oils in the diet, enhanced by the FABP2

rs1799883 genetic variant [6]

Oxygen/nutrient deficits in the CNS due to increased vascular

intimamedia thickness [23, 24] and decreased blood flow in areas of

the CNS
Lack of exercise/sedentary lifestyle [26]

Oxidation and inflammation [8, 15]

Smoking, active or passive [11, 17]

Chronic infections such as EBV [12]

Chronic allergies or food sensitivity [21]

High dietary saturated fat [22], which causes increased
cholesterol and obesity, enhanced by FTO genetic
variations [11]

Environmental toxins [25] including inhalation of poisons
sprayed for insects in the home or garden [6]

Psychological stress [27]

diabetes, or previous cardiac/neurological conditions. Controls
without neurological disorders were age and sex matched.

Of the recruited participants, 22 pwMS and 21 controls
completed the MRI. Demographic data recorded were age
at MRI, disease duration (years with MS), MS subtype, and
medication. Disease-modifying treatment (DMT) was inter-
feron-f in 10 of the pwMS. The pwMS voluntarily decided
whether to implement the recommendations to follow the
PSGT Program or not. Of the 22 pwMS, 13 had followed
the Program for more than 10 years, while 9 had not
followed the program.

As the sample size calculated was 25 MS and 25 controls
as previously reported [6], this was the number of pwMS and

controls randomly recruited from the vascular ultrasound
study [23]; however, 7 of these (3 pwMS and 4 controls) could
not have an MRI due to concerns of claustrophobia or illness.
In total, 22 females with MS and 21 female controls signed
consent to be included in the 3-T MRI assessment.
Participant preparation occurred outside of the scan
room, and this process included an explanation of the proce-
dure to ensure that the participant was comfortable as well
as a CUBIC MRI compatibility checklist, signed by both
the participant and the radiographer, before removing their
clothing, jewellery, etc., and putting on a cotton gown. Scan-
ning proceeded in the head-first, supine position, and a
wedge was placed under the knees of each participant to
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lessen their discomfort during the scan. To ensure privacy,
participants were covered with a sheet or a light blanket. A
panic ball was handed to all participants to be used as an
alarm in case they required any assistance during the proce-
dure. MRI-compatible headphones were placed over their
ears to reduce the acoustic noise of the scanner and to ensure
participants could hear instructions during the scan.

Images were acquired on a 3-T Siemens Magnetom Skyra
scanner using a standard 32-channel transmit-receive (RF)
head coil. The protocol included the following sequences: fluid
attenuation recovery (FLAIR) in axial and sagittal planes,
proton density (PD), T2 (in coronal plane), magnetization
prepared rapid gradient echo (MPRAGE), susceptibility
weighted imaging (SWI), diffusion tensor imaging (DTI),
and readout segmentation of long variable echo-trains
(RESOLVE) images. The axial FLAIR and T1 sequences were
specifically employed for the WML volume data analyses to
provide contrast and expose pathology. Imaging parameters
for these sequences are shown in Table 2.

Lesion volumes were determined using FLAIR and T1
images with Sequence Adaptive Multimodal SEGmentation
(SAMSEG) software [34], part of FreeSurfer 7.2. In this
study, we utilized the freely available software package SAM-
SEG [35] to quantify WMLs from MRI data. SAMSEG takes
multicontrast MRI data as input, regardless of scanner or
pulse sequence used, and segments 41 brain structures as
well as WMLs using a generative model [34]. We used both
T1 and FLAIR images as input, as SAMSEG benefits from
the T1 contrast for segmenting cortical gray-white matter
boundaries and from the FLAIR contrast for optimal delin-
eation of lesions. Apart from coregistering the FLAIR and
T1 images and reslicing them to the same resolution,
SAMSEG requires no image preprocessing. Although man-
ual labelling has been shown to be slightly more accurate
[34], automated methods eliminate intra and inter-rater dis-
crepancies. Automated tools that can quickly and reliably
characterise the shape and size of WMLs are of great value
for tracking disease progression and evaluating treatment
efficacy from MRI data.

2.2. Diagnosis and Disability Assessments. PWMS were diag-
nosed according to the McDonald criteria (2001) before
entering the study [33]. All pwMS had 1.5-T MRIs at diag-
nosis and follow-up, which were evaluated by their respec-
tive neurologists. Our study neurologist carefully reviewed
the neurology and radiological reports of the pwMS included
to confirm the original diagnosis, considering factors such as
WML position, oligoclonal bands, and elevated IGG-Index,
to ensure adherence to the McDonald criteria [33]. Disabil-
ity was assessed and quantified by a clinician using the
EDSS. This widely used scale monitors changes in disability
levels ranging from 0 to 10 in 0.5 unit increments, with
higher scores indicating greater disability [32].

2.3. The PSGT Program. Assessment of the personalized risk
factors and optimization of cerebral nutrients in pwMS were
performed at our Institution in a PSGT Program as
described previously [6, 8, 9]. Briefly, participants completed
a lifestyle questionnaire to provide demographic data and
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information on family and personal medical history, alcohol
intake, smoking, and physical activity. Biochemical tests
were performed to identify possible deficiencies of iron, vita-
min D and vitamin B12, or excess cholesterol/homocysteine
and increased inflammation (C-reactive protein (CRP).
Genetic testing was performed to identify clinically relevant
variants in metabolic pathways. All data were integrated to
generate adaptable personalized reports [6], enabling clini-
cians to address imbalances revealed in the blood test inves-
tigations and to mitigate all the risk factors through
nutritional supplementation and modification of lifestyle.
The pwMS were followed up regularly to ensure that they
followed the Program, while new results were recorded and
compared with previous data captured on a secure database
(http://www.gknowmix.com/). A mobile phone app has
subsequently been developed to enable online consent to
complete the questionnaire [36]. The pwMS were also
encouraged to contact the Genetic Care Centre if they had
any questions or experienced symptom flare-ups. However,
the pwMS were free to choose not to follow the program,
and some of them opted to use DMTs instead.

2.4. Biochemical Analysis. Blood was drawn for biochemistry
testing between 09:00 and 10:30 to standardize for diurnal
variation. Biochemical analysis of the following biomarkers
was performed by an accredited pathology laboratory: iron
parameters, ferritin, CRP, total cholesterol, homocysteine,
serum folate, vitamin B12, and 25-OH vitamin D as reported
previously [11].

2.5. Genetic Testing. All participants underwent genetic test-
ing as published previously [6] to identify SNPs in the follow-
ing metabolic pathways: lipid and lipoprotein metabolism,
homocysteine and folate metabolism [11]; haemostasis and
thrombophilia; iron overload and iron deficiency [16];
hypertension [11]; obesity and insulin resistance [6]; and
inflammation, detoxification, and oxidative stress [20]. P4
medicine (participatory, personalized, predictive, and preven-
tive medicine) was enabled by genetic and environmental fac-
tors aligned with biochemical results influencing clinically
relevant metabolic pathways [6].

2.6. Statistical Analysis. Statistical analyses were performed
using Statistica Version 13.4.0.14. Differences in lesion vol-
umes and EDSS parameters between study groups were
tested using one-way analysis of variance. Normality was
assessed by inspecting normal probability plots which were,
in all cases, found to be acceptable. Levene’s test was done to
test for homogeneity of variance and was in all cases
accepted. In cases where it did not hold, the Welch test
was also done. However, the outcome of the Welch test
was the same as for the F-test of the ANOVA, so only the
ANOVA result was reported. Pearson’s correlations were
reported to test for relationships between lesion volumes,
lifestyle parameters, and EDSS. Effect sizes of the ANOVA
results were calculated using the Hedges D-test.

A 5% significance level (p < 0.05) was used as a guideline
for statistical significance.
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TaBLE 2: MRI sequences and parameters.

MRI sequences

Repetition time (ms) Echo time (ms) Slice thickness (mm) Field of view Matrix % Distance factor %

FLAIR (axial) 9400.0 78.0
T1w MPRAGE (axial) 1720.0 247

256 x 100 0
256 x 100 50

3.0 256 mm
2.0 100%

Abbreviations: FLAIR = fluid-attenuated inversion recovery, T1w MPRAGE = magnetization prepared rapid gradient echo.

2.7. Ethics. This study was a collaborative investigation
between Stellenbosch University (SU), the University of
Cape Town (UCT), and the Cape Peninsula University of
Technology (CPUT) in the Western Cape, South Africa.
Ethics approval was granted by the Faculty of Medicine
and Health Sciences Research Ethics Committee of the SU
(references N07/09/203 and N09/08/224) and the Faculty
of Health and Wellness Sciences Research Ethics Committee
of CPUT (reference no: CPUT/HW-REC 2019/H27). As a
postgraduate project, the study was conducted according to
the code of ethics of the World Medical Association, in
accordance with the Declaration of Helsinki (1964) [37].
All study participants gave signed informed consent for
the MRI and for their data to be used for a research
publication.

3. Results

Data generated characterized lesion load, disability, demo-
graphic, and biochemical markers. Clinical data of 22 pwMS
and 21 controls are summarized in Table 3.

3.1. MRI Results of pwMS and Controls. Mean lesion vol-
umes (mm?) were significantly greater (p < 0.001) in pwMS
(10,262 + 10,294) than in controls (768 + 1001), that is, the
mean WML volumes of pwMS were 10.3mL versus
0.76 mL in the controls. None of the controls had neurolog-
ical symptoms; however, SAMSEG software identified
WMLs in some control participants. Radiologist reports
confirmed the presence of age-appropriate white matter
hyperintensities that were identified as WMLs by the soft-
ware. There was a trend for a negative association between
WM hyperintensities and vitamin D concentrations in the
controls (r=-0.44; p=0.058). Alcohol intake was not sig-
nificantly associated with WML volumes, either in pwMS
or controls (r=-0.27, p=0.22 and r=-0.32, p=0.18,
respectively). None of the genetic variants tested were asso-
ciated with WML volumes, nor was physical activity.

In the pwMS, associations were assessed between WML
volumes and age, disease duration (years with MS), and dis-
ability (EDSS). Of the 22 pwMS, 10 were on DMT, all of
whom were prescribed Interferon-S. WML volumes were
associated significantly with the EDSS (p < 0.02), but not
with age, disease duration, or DMT use (Table 4).

Of the 22 pwMS, 13 had followed the PSGT program for
more than 10 years, while 9 had not followed the program.
The pwMS who had followed the program had significantly
smaller WML volumes (4950 + 5303 mm?*) than the pwMS
not on the program (17,934 +11,139 mm?>; p=0.002)
Hedges D =1.53 (large effect size). (Figure 2).

The EDSS values in the pwMS who had followed the
PSGT Program were significantly (p=0.02) lower (mean
2.0, range 1-3.5) than the pwMS who had not (mean 4.2,
range 1-8; Hedges D =1.08 [large effect size]). The pwMS
on the program had EDSS values in the minimal to mild
range [32] after more than 10 years, being freely ambulatory;
nine of them had cognitive-intensive employment positions:
two teachers, a musician (lounge pianist), a lecturer, a char-
tered accountant, a medical doctor, a web developer, an
owner of a social media company, and an administrator/
bookkeeper. Four were retired/unemployed. None of the 13
pwMS on the Program had transitioned to secondary pro-
gressive MS (SPMS). Of the pwMS who had a disease dura-
tion of more than 10 years and had not followed the
program (n =4), two had to use a cane for walking, and 2
were wheelchair bound. Three of the four had transitioned
to SPMS. The other 5 pwMS not following the program
had a disease duration of less than 10 years.

Figure 3 shows the 1.5-T MRIs of a female diagnosed
with MS in 2007, who was invited to be included in the 3-
T MRI study but was unable to comply due to claustropho-
bia. She had MRIs in June 2012 and again in June 2014 in
hospital under sedation with clinical supervision by her neu-
rologist, who treated her with Avonex and also referred her
to the PSGT program (2012). According to the neurologist’s
report, the comparison between the MRIs dated June 2012
and June 2014 showed that the high signal intensity foci
on FLAIR and T2 had all decreased in size and signal
intensity. The minimal high signal in the right temporal lobe
had also decreased. In addition, there were no new enhanc-
ing areas within the brain. Her EDSS in 2012 was 2.0, and
when reassessed in 2014, it had improved to 1.5. At the time
of the present study (2019), her EDSS was holding steady
at 1.5.

The MRIs of another participant in the present study
also showed smaller WMLs at follow-up (2009) after enter-
ing the PSGT Program in 2007. At diagnosis in 2006, the
radiologist’s report noted: “FLAIR and T2 sequence hyperin-
tensities which are perpendicularly orientated in relation to
the ventricle (Dawsons’ fingers), as well as a lesion in the
pons”. In contrast, the 2009 follow-up MRI report stated:
“The previous pontine lesion has resolved without residual
signal changes and there is only slight scarring at the site
of the previous right periventricular demyelinating lesions.
No new or progressive lesions”. This was confirmed in the
present 3-T MRI study, at which time her EDSS was 1.5.
Notably, at diagnosis, her iron levels were extremely low,
prompting her neurologist to administer intravenous iron.
She requires a daily iron intake of 10mg to prevent defi-
ciency. Her favorable disease status has enabled her to main-
tain an active lifestyle, including running half-marathons.
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TasBLE 3: Clinical data of 22 pwMS and 21 controls who had 3-T MRI assessments.

Parameter PwMS on PSGT program for > 10 years All pwMS (n=22) Controls (n=21)

Yes No

Females n 13 9 22 21

Age at MRI: years, mean (range) 52 (36-65) 48.8 (23-71) 50.7 (23-71) 48.3 (25-72)

Disease duration: years, mean (range) 17.5 (11-29) 12.2 (1-27) 15.4 (1-29) NA

MS subtype: RR 13 6 19 NA

MS subtype: SP 3 3 NA

Disease-modifying therapy 7 10 NA

Untreated n (%) 10 2 12 NA

BMI kg/mz, mean (range) 25.2 (21.5-35) 25.5 (19-32) 25.3 (19-35) 27.7 (21.4-43)

Cholesterol mmol/L, mean (range) 5.5 (3.9-8) 5.4 (4.4-6.8) 5.4 (3.9-8) 5.6 (3.9-7.9)

Vitamin D (ng/mL), mean (range) 28.8 (9.2-63) 33.2 (13.3-63.9) 30.6 (9.2-63.9) 27.4 (8.4-78.7)

Smokers n 0 0 0 0

Previous smokers 7 4 2 6 2

Passive smokers n 4 5 9 7

Fruits/veg > 5: days/week, mean (range) 5 (0-7) 4.4 (0-7) 4.8 (0-7) 3.9 (0-7)

EDSS, median (range) 2 (1-3.5) 4.2 (1-8) 2.9 (1-8) NA

Note: Bold indicates values with significant difference (p =0.02).

Abbreviations: Fruits/veg > 5: days/week =more than five fruits and/or vegetables: days per week, NA =not applicable, RR = relapsing-remitting,

SP = secondary progressive.

TABLE 4: Associations of WML volumes in pwMS with age, disease
duration, disability, and medication use.

Variable Pearson correlation p value
Age at MRI 0.21 0.350
Disease duration 0.08 0.709
EDSS 0.73 <0.02
DMT use 0.70°

Note: Bold indicates values with significance.
*ANOVA test for equal means.

4. Discussion

The present study revealed that the pwMS who followed the
PSGT Program for more than 10 years had WML volumes
three times smaller than those who did not follow the pro-
gram, a significant difference despite the small study sample.
Notably, WML volumes were significantly associated with
disability but not with age, disease duration, or DMT use.
The smaller WMLs could be attributed to a pause in their
accumulation or partial resolution, as demonstrated in the
two case examples above. We previously published a case
series of pwMS who had followed our program and achieved
favourable disability outcomes after more than 10-20 years;
one became an ultramarathon athlete, and the other
experienced a reversal of disability from EDSS 7.5-2.0, both
maintaining an adequate intake of iron [6]. The original
diagnoses of these pwMS have been verified [6].

The present study results tentatively suggest that mitigat-
ing MS risk factors may alleviate “smouldering MS,” the
chronic inflammation underlying “real MS” [38], character-
ized by relentless autoimmunity-driven disease worsening.
Instead, we observed remission in the pwMS following the

PSGT program. Further studies are needed to confirm
whether this supports the findings of an international Collo-
quium convened in 2007, where the apparent two-way
relationship between cell damage and autoimmunity was
discussed [39]. The Colloquium identified five etiologic
and pathophysiologic processes that may influence the
initiation, development, and perpetuation of autoimmunity:
inflammation, infection, apoptosis, environmental exposure,
and genetics. Notably, excessive apoptosis overwhelmed the
monocyte-macrophage system, leading to autoimmunity,
while conversely, reducing oxidative damage and inflamma-
tion may restore immunologic balance and induce remission
[39]. Neuropathological studies have suggested that the
chronic inflammation underlying “smouldering MS” may
be caused by the cytokines and oxidative molecules released
by activated microglia/macrophages when they scavenge
apoptotic oligodendrocytes and dysfunctional myelin [1, 2].
The PSGT program for MS was developed with these insights
in mind.

The rationale for including specific risk factors in the
program was informed by the literature and our own
research experience, particularly regarding deficiencies of
iron and vitamin B12-folate methylation metabolism which
play a crucial role in mitochondrial energy production
[40]. Oligodendrocytes are extremely energy dependent
due to their responsibility to produce and maintain a vast
amount of myelin, including cholesterol that is not obtained
from the circulation but has to be synthesized by the oligo-
dendrocytes themselves [41]. Adequate iron must be trans-
ported into the mitochondria to support this excessive
energy generation [8, 16]. If the oligodendrocytes experience
energy deficits, they perish [8, 41-43]. Furthermore, oligo-
dendrocytes require optimal folate-vitamin B12 metabolism
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F(1,20) = 13.484, p = <0.01
Vertical bars denote 0.95 confidence intervals
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F1GURE 2: Significant difference between white matter lesion volumes of pwMS (# = 13) who had followed the PSGT Program for >10 years
and pwMS (1 =9) who had not, 4950 + 5303 versus 17934 + 11139 mm?® (p =0.002) Hedges D = 1.53 (large effect size). N =no; Y =yes.

June 2012

MS program started

June 2014

Dec 2012

FI1GURE 3: Resolution of white matter lesions in one of the designated pwMS who could not be scanned using 3-T MRI due to claustrophobia.
MRIs in 2012 and 2014 were done in a hospital using sedation under clinical supervision by a neurologist.

to methylate myelin basic protein (MBP) during myelin syn-
thesis. Incomplete methylation of MBP compromises myelin
integrity [44] and may perpetuate chronic inflammation.
Vitamin B12 is a cog in the wheel of methylation metabo-
lism and its deficiency leads to demyelinating neurological
conditions [45, 46].

Vitamin D deficiency is a causal risk factor for MS [12,
47] as it plays a crucial role in modulating the activated
immune system in MS [48]. Serum concentrations of
vitamin D are associated with sunlight exposure. According
to the Atlas of MS of the MS International Federation
(2023), the highest MS prevalence globally is in the Northern

countries such as Canada (290 cases per 100 000), whereas
South America has fewer cases, and the lowest prevalence
is in Sub-Saharan Africa; with Tanzania reporting only
0.01 cases per 100 000 (just 6 recorded cases) [49].
Epstein-Barr virus infection has also been identified as a
causal factor for MS [12]. Adequate vitamin D intake,
potentially up to 20,000 IU/day for short time periods [50],
may offer protection against this risk. Optimal serum values
for vitamin D in MS are suggested to be 30-100nl/mL
(75-250 nmol/L) [48].

Oxidation and inflammation are extremely prevalent in
MS and need to be constantly counteracted by adequate
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intake of antioxidants; daily intake of more than five fruits/
vegetables is significantly inversely associated with disability
[11]. OPCs are particularly vulnerable to oxidation because
of a lack of intrinsic antioxidant capacity [51]. If OPCs are
subjected to the same risk factors as the oligodendrocytes
that they are meant to replace, they may also not survive.
Environmental toxins such as smoking and pesticides aggra-
vate relapses and disability [6, 11, 52]. Avoiding food aller-
gens reduces fatigue and improves QOL in pwMS who are
susceptible to these food sensitivities [21].

Furthermore, unsaturated oils (olive oil, Omega-3, and
evening primrose oil) also provide protection against inflam-
mation, confirmed by a study that showed an association
between MS disability and a genetic variation in FABP2, that
codes for a transporter of fatty acids [6]. Saturated fat intake,
which contributes to obesity, was the first environmental
causative risk factor for MS to be identified by Swank and
Grimsgaard [22]. Swank and Goodwin postulated that satu-
rated fat impedes the nourishment of tissues due to rigid
chylomicron aggregates blocking the small blood vessels in
the CNS, in contrast to smaller, less rigid aggregates formed
from unsaturated oils in the diet [53]. A study of the
Mediterranean diet in MS [54] found that higher consump-
tion of olive oil, nuts, and wine and lower consumption of
pastries and sugary beverages were associated with less dis-
ability, while depression was worse among people who ate
butter, drank sugary beverages, and ate less fish. Participants
in our program have stated that stress is an aggravating risk
factor for MS and MS relapses (Gknowmix questionnaire
entries, unpublished results) while exercise improves blood
flow and alleviates stress and pain [6].

4.1. Limitations. The study’s greatest limitations are its small
sample size, observational nature, and the current lack of
RCTs. Another limitation is that 3-T MRIs and software
for measuring WML volumes were not available at baseline
for the participants in this study 10 years ago; therefore
WML volumes could only be measured at present. Future
studies should prospectively follow up pwMS to assess the
progression or cessation of WML accumulation when risk
factors for MS are mitigated. Additionally, when the pwMS
were diagnosed 10 years ago, antibody tests were not part
of the diagnostic criteria as they are now; therefore, the
McDonald criteria were applied as published at the time
[33]. Antibody tests were later conducted on some but not
all pwMS. However, since serum anti-CNS autoantibodies
specific for MS have not yet been identified [55], antibody
tests are primarily useful when the clinical presentation is
at variance with a diagnosis of MS. Furthermore, a limiting
factor in measuring WML volume is the need to specify a
probability threshold for lesion identification in automated
methods. If the threshold is too low, it may result in false
positives, while a too high threshold may reduce sensitivity.
Since our data were acquired with a standardized protocol
on the same scanner, a suboptimal threshold selection would
lead to a systematic over- or underestimation of lesion vol-
ume across subjects.

The strength of this study lies in the significantly smaller
WML volumes and favourable disease outcomes in pwMS
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who followed the PSGT program over 10 years, compared
to those who did not (Figure 2).

5. Conclusion

This pilot case-controlled study supports the hypothesis that
targeted dietary, nutritional, and lifestyle interventions may
enhance brain health and neural processes. The current
study serves as a necessary first step in understanding these
processes in MS; highlighting the need for future research,
including RCTs, to determine whether the PSGT program
can delay WML formation and prevent severe disease by
mitigating MS risk factors, optimizing nutrition, and ensur-
ing adequate blood flow to the CNS.

Data Availability Statement

The data that support the findings of this study are available
on request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.

Disclosure

A previous version of this article has been uploaded to the
medRvix server, cited below as a reference [56].

Conflicts of Interest

Maritha J. Kotze is a nonexecutive director and shareholder of
Gknowmix (Pty) Ltd, a spin-out company of the South African
Medical Research Council. Lindiwe Whati is a shareholder, and
Susan J. van Rensburg is the scientific advisor at Gknowmix
(Pty) Ltd. The remaining authors declare no conflicts of
interest.

Funding

This research is supported by the National Health Laboratory
Service (94139), the South African BioDesign Initiative of the
Department of Science and Innovation and the Technology
Innovation Agency, South Africa (401/01), Winetech (NO7/
09/203), and the Health and Welfare Sector Education and
Training Authority (HW SETA) of South Africa (N716 02).

Acknowledgments

The authors thank all participants in the MS Project. We
gratefully acknowledge a donation towards the MS project
from a person diagnosed with MS and her family. They
asked their wedding guests to donate towards the project
in lieu of floral arrangements and wedding gifts; since join-
ing the project she has been without MS symptoms for more
than 15 years. We dedicate this article to the memory of her
father who recently passed away and who was the Secretary
of the MS Care Trust South Africa. We also acknowledge the
MS Care Trust and the Cape Peninsula University of Tech-
nology, Cape Town, South Africa, for their support.

9SUIIT SUOWIWO)) dANLaI) o[qearjdde ayy Aq paurdA0S a1e sa[onIe YO s Jo Sa[nI 10j A1eIqI SuluQ) A[IAL UO (SUONIPUOI-PUB-SULID}/ W0 K[ 1M ATRIqI[auI[uo/:sdni) SUonIpuo)) pue sud I, oy 928 [$707/21/80] uo Areiqr aurjuQ Ad[IA\ ‘YoIeasay] [BOIPIA UBOLIY YINOS Aq €68 188/#T0T/SST1°01/10p/wod AofimAreiqijautjuo//:sdiy woij papeoumo( ‘1 ‘#20T ‘0v6L



Multiple Sclerosis International

References

(1]

(2]

(10]

(11]

(12]

(13]

(14]

(15]

M. H. Barnett and J. W. Prineas, “Relapsing and remitting
multiple sclerosis: pathology of the newly forming lesion,”
Annals of Neurology, vol. 55, no. 4, pp. 458-468, 2004.

M. H. Barnett, A. P. Henderson, and J. W. Prineas, “The mac-
rophage in MS: just a scavenger after all? Pathology and path-
ogenesis of the acute MS lesion,” Multiple Sclerosis, vol. 12,
no. 2, pp. 121-132, 2006.

J. Prineas and S. Lee, “Microglia subtypes in acute, subacute,
and chronic multiple sclerosis,” Journal of Neuropathology
and Experimental Neurology, vol. 82, no. 8, pp. 674-694, 2023.

J. W. Prineas and J. D. E. Parratt, “Multiple sclerosis: microglia,
monocytes, and macrophage-mediated demyelination,” Jour-
nal of Neuropathology and Experimental Neurology, vol. 80,
no. 10, pp. 975-996, 2021.

D. E. Bergles and W. D. Richardson, “Oligodendrocyte devel-
opment and plasticity,” Cold Spring Harbor Perspectives in
Biology, vol. 8, no. 2, article a020453, 2015.

C.Johannes, K. E. Moremi, M. C. Kemp et al., “Pathology-sup-
ported genetic testing presents opportunities for improved dis-
ability outcomes in multiple sclerosis,” Personalized Medicine,
vol. 20, no. 2, pp. 107-130, 2023.

R. N. Rooney, M. J. Kotze, J. N. de Villiers, R. Hillermann, and
J. A. Cohen, “Multiple sclerosis, porphyria-like symptoms, and
a history of iron deficiency anemia in a family of Scottish
descent,” American Journal of Medical Genetics, vol. 86,
no. 2, pp. 194-196, 1999.

S.J. van Rensburg, R. van Toorn, R. T. Erasmus et al., “Pathol-
ogy-supported genetic testing as a method for disability pre-
vention in multiple sclerosis (MS). Part I. Targeting a
metabolic model rather than autoimmunity,” Metabolic Brain
Disease, vol. 36, no. 6, pp. 1151-1167, 2021.

S.J. van Rensburg, C. Hattingh, C. Johannes et al., “Pathology-
supported genetic testing as a method for disability prevention
in multiple sclerosis (MS). Part II. Insights from two MS
cases,” Metabolic Brain Disease, vol. 36, no. 6, pp. 1169-
1181, 2021.

M. J. Kotze, J. N. de Villiers, L. Warnich et al., “Lack of clinical
manifestation of hereditary haemochromatosis in South Afri-
can patients with multiple sclerosis,” Metabolic Brain Disease,
vol. 21, no. 2-3, pp. 109-120, 2006.

W. Davis, S. J. van Rensburg, F. J. Cronje et al., “The fat mass
and obesity-associated FTO rs9939609 polymorphism is asso-
ciated with elevated homocysteine levels in patients with mul-
tiple sclerosis screened for vascular risk factors,” Metabolic
Brain Disease, vol. 29, no. 2, pp. 409-419, 2014.

K. Munger and A. Ascherio, “Understanding the joint effects
of EBV and vitamin D in MS,” Multiple Sclerosis, vol. 19,
no. 12, pp. 1554-1555, 2013.

D. Zhang, L. Wang, R. Zhang, and S. Li, “Association of vita-
min D receptor gene polymorphisms and the risk of multiple
sclerosis: a meta analysis,” Archives of Medical Research,
vol. 50, no. 6, pp. 350-361, 2019.

G. Disanto, G. K. Sandve, A. ]. Berlanga-Taylor et al., “Vitamin
D receptor binding, chromatin states and association with
multiple sclerosis,” Human Molecular Genetics, vol. 21,
no. 16, pp. 3575-3586, 2012.

H. Lassmann and J. van Horssen, “Oxidative stress and its

impact on neurons and glia in multiple sclerosis lesions,” Bio-
chimica et Biophysica Acta, vol. 1862, no. 3, pp. 506-510, 2016.

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

S.J. van Rensburg, A. V. Peeters, R. van Toorn et al., “Identifi-
cation of an iron-responsive subtype in two children diag-
nosed with relapsing-remitting multiple sclerosis using whole
exome sequencing,” Molecular Genetics and Metabolism
Reports, vol. 19, article 100465, 2019.

B. Arneth, “Multiple sclerosis and smoking,” The American
Journal of Medicine, vol. 133, no. 7, pp. 783-788, 2020.

Y. Zhu, Z. Y. He, and H. N. Liu, “Meta-analysis of the relation-
ship between homocysteine, vitamin B12, folate, and multiple
sclerosis,” Journal of Clinical Neuroscience, vol. 18, no. 7,
pp. 933-938, 2011.

E. Dardiotis, S. Arseniou, M. Sokratous et al., “Vitamin B12,
folate, and homocysteine levels and multiple sclerosis: a
meta-analysis,” Multiple Sclerosis and Related Disorders,
vol. 17, pp. 190-197, 2017.

S.J. van Rensburg, R. van Toorn, K. E. Moremi, A. V. Peeters,
A. Oguniyi, and M. J. Kotze, “Multiple sclerosis-like diagnosis
as a complication of previously treated malaria in an iron and
vitamin D deficient Nigerian patient,” Metabolic Brain Dis-
ease, vol. 31, no. 1, pp. 197-204, 2016.

T. L. Wahls, T. J. Titcomb, B. Bisht et al., “Impact of the Swank
and Wahls elimination dietary interventions on fatigue and
quality of life in relapsing-remitting multiple sclerosis: the
WAVES randomized parallel-arm clinical trial,” Multiple Scle-
rosis Journal-Experimental, Translational and Clinical, vol. 7,
no. 3, article 20552173211035399, 2021.

R. L. Swank and A. Grimsgaard, “Multiple sclerosis: the lipid
relationship,” The American Journal of Clinical Nutrition,
vol. 48, no. 6, pp. 1387-1393, 1988.

M. C. Kemp, C. Johannes, S. J. van Rensburg et al., “Disability
in multiple sclerosis is associated with vascular factors: an
ultrasound study,” Journal of Medical Imaging and Radiation
Sciences, vol. 54, no. 2, pp. 247-256, 2023.

S. Martinez Sosa and K. J. Smith, “Understanding a role for
hypoxia in lesion formation and location in the deep and peri-
ventricular white matter in small vessel disease and multiple
sclerosis,” Clinical Science, vol. 131, no. 20, pp. 2503-2524,
2017.

Z.Noorimotlagh, M. Azizi, H. F. Pan, S. Mami, and S. A. Mir-
zaee, “Association between air pollution and multiple sclerosis:
a systematic review,” Environmental Research, vol. 196, article
110386, 2021.

F. Halabchi, Z. Alizadeh, M. A. Sahraian, and M. Abolhasani,
“Exercise prescription for patients with multiple sclerosis;
potential benefits and practical recommendations,” BMC Neu-
rology, vol. 17, no. 1, p. 185, 2017.

A. Karagkouni, M. Alevizos, and T. C. Theoharides, “Effect of
stress on brain inflammation and multiple sclerosis,” Autoim-
munity Reviews, vol. 12, no. 10, pp. 947-953, 2013.

L. G. Snetselaar, J. J. Cheek, S. S. Fox et al., “Efficacy of diet on
fatigue and quality of life in multiple sclerosis: a systematic
review and network meta-analysis of randomized trials,” Neu-
rology, vol. 100, no. 4, pp. €357-e366, 2023.

I. Katz Sand, E. K. T. Benn, M. Fabian et al., “Randomized-
controlled trial of a modified Mediterranean dietary program
for multiple sclerosis: a pilot study,” Multiple Sclerosis and
Related Disorders, vol. 36, article 101403, 2019.

V. Yadav, G. Marracci, E. Kim et al., “Low-fat, plant-based
diet in multiple sclerosis: a randomized controlled trial,”
Multiple Sclerosis and Related Disorders, vol. 9, pp. 80-90,
2016.

ASUADIT SUOWWO)) dANLAI)) d[qearjdde ayy Aq pauraA0S a1e S3[AIIE Y() (aSN JO SA[NI 10§ AIRIQIT AUI[UQ AJ[IAL UO (SUOTIPUOI-PUB-SULIA) /WD A[1M " ATRIqI[auI[u0;//:sd}y) SUONIPUO)) pue suia [, Ay 39S *[$70Z/Z1/80] U0 A1eiqry aurjuQ AS[IA\ “YoIeasay] [BIIPIN UBILIY YINOS AQq 1£68188/4T0T/SS T 1°01/10p/wiod Aajim:Areiquaurfuo//:sdny woiy papeojumo( ‘I “470T ‘0v6L



10

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

(45]

(46]

A. M. Saul, B. V. Taylor, L. Blizzard et al., “A pro-
inflammatory diet in people with multiple sclerosis is associ-
ated with an increased rate of relapse and increased FLAIR
lesion volume on MRI in early multiple sclerosis: a prospective
cohort study,” Multiple Sclerosis, vol. 29, no. 8, pp. 1012-1023,
2023.

J. F. Kurtzke, “Rating neurologic impairment in multiple scle-
rosis,” Neurology, vol. 33, no. 11, pp. 1444-1452, 1983.

W. 1. McDonald, A. Compston, G. Edan et al., “Recommended
diagnostic criteria for multiple sclerosis: guidelines from the
international panel on the diagnosis of multiple sclerosis,”
Annals of Neurology, vol. 50, no. 1, pp. 121-127, 2001.

S. Cerri, O. Puonti, D. S. Meier et al., “A contrast-adaptive
method for simultaneous whole-brain and lesion segmenta-
tion in multiple sclerosis,” Neurolmage, vol. 225, article
117471, 2021.

K. Van Leemput, “Samseg (Cross-Sectional, Longitudinal, MS
Lesions),” 2023, https://surfer.nmr.mgh.harvard.edu/fswiki/
Samseg.

M. J. Kotze, S. J. van Rensburg, M. Davids et al., “Translating
population risk into personal utility using a mobile phone
app for application of genomic medicine integrating service
and research in the COVID-19 era,” Clinical Chemistry and
Laboratory Medicine (CCLM), vol. 61, 2023.

World Medical Association, “World Medical Association
Declaration of Helsinki: ethical principles for medical research
involving human subjects,” JAMA, vol. 310, no. 20, pp. 2191-
2194, 2013.

G. Giovannoni, V. Popescu, J. Wuerfel et al., “Smouldering

multiple sclerosis: the ‘real MS',” Therapeutic Advances in Neu-
rological Disorders, vol. 15, article 17562864211066751, 2022.

I. R. Mackay, N. V. Leskovsek, and N. R. Rose, “Cell damage
and autoimmunity: a critical appraisal,” Journal of Autoimmu-
nity, vol. 30, no. 1-2, pp. 5-11, 2008.

S.J. Van Rensburg, M. J. Kotze, D. Hon et al., “Iron and the
folate-vitamin B12-methylation pathway in multiple sclero-
sis,” Metabolic Brain Disease, vol. 21, no. 2-3, pp. 121-137,
2006.

J. R. Connor and S. L. Menzies, “Relationship of iron to oligo-
dendrocytes and myelination,” Glia, vol. 17, no. 2, pp. 83-93,
1996.

S. J. Van Rensburg, M. J. Kotze, and R. Van Toorn, “The
conundrum of iron in multiple sclerosis-time for an indivi-
dualised approach,” Metabolic Brain Disease, vol. 27, no. 3,
pp. 239-253, 2012.

C. Tang, J. Yang, C. Zhu et al., “Iron metabolism disorder and
multiple sclerosis: a comprehensive analysis,” Frontiers in
Immunology, vol. 15, article 1376838, 2024.

S.Kim, I. K. Lim, G. H. Park, and W. K. Paik, “Biological meth-
ylation of myelin basic protein: enzymology and biological
significance,” The International Journal of Biochemistry ¢ Cell
Biology, vol. 29, no. 5, pp. 743-751, 1997.

R. Surtees, “Biochemical pathogenesis of subacute combined
degeneration of the spinal cord and brain,” Journal of Inherited
Metabolic Disease, vol. 16, no. 4, pp. 762-770, 1993.

L. Pollini, M. Tolve, F. Nardecchia et al., “Multiple sclerosis
and intracellular cobalamin defect (MMACHC/PRDX1)
comorbidity in a young male,” Molecular Genetics and Metab-
olism Reports, vol. 22, article 100560, 2020.

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

Multiple Sclerosis International

B. Rhead, M. Bairnhielm, M. Gianfrancesco et al., “Mendelian
randomization shows a causal effect of low vitamin D on
multiple sclerosis risk,” Neurology: Genetics, vol. 2, no. 5,
article €97, 2016.

M. Galoppin, S. Kari, S. Soldati et al., “Full spectrum of vitamin
D immunomodulation in multiple sclerosis: mechanisms and
therapeutic implications,” Brain Communications, vol. 4,
no. 4, article fcacl71, 2022.

MS International Federation, “Atlas of MS,” 2023, https://
www.atlasofms.org/map/global/epidemiology/number-of-
people-with-ms.

G. Disanto, A. E. Handel, J. Damoiseaux et al., “Vitamin D
supplementation and antibodies against the Epstein-Barr virus
in multiple sclerosis patients,” Multiple Sclerosis, vol. 19,
no. 12, pp. 1679-1680, 2013.

H. M. French, M. Reid, P. Mamontov, R. A. Simmons, and J. B.
Grinspan, “Oxidative stress disrupts oligodendrocyte matura-
tion,” Journal of Neuroscience Research, vol. 87, no. 14,
pp. 3076-3087, 2009.

D. M. Wingerchuk, “Smoking: effects on multiple sclerosis
susceptibility and disease progression,” Therapeutic Advances
in Neurological Disorders, vol. 5, no. 1, pp. 13-22, 2012.

R. L. Swank and J. W. Goodwin, “How saturated fats may be a
causative factor in multiple sclerosis and other diseases,”
Nutrition, vol. 19, no. 5, p. 478, 2003.

I. Katz Sand, S. Levy, K. Fitzgerald, T. Sorets, and J. F.
Sumowski, “Mediterranean diet is linked to less objective dis-
ability in multiple sclerosis,” Multiple Sclerosis, vol. 29, no. 2,
pp. 248-260, 2023.

J. W. Prineas and J. D. E. Parratt, “Multiple sclerosis: serum
anti-CNS autoantibodies,” Multiple Sclerosis, vol. 24, no. 5,
pp. 610-622, 2018.

M. Jaftha, F. Robertson, S. J. Van Rensburg et al., “White mat-
ter lesion volumes on 3-T MRI in people with MS who had

followed a diet-and lifestyle program for more than 10 years,”
medRxiv, 2024.

ASUADIT SUOWWO)) dANLAI)) d[qearjdde ayy Aq pauraA0S a1e S3[AIIE Y() (aSN JO SA[NI 10§ AIRIQIT AUI[UQ AJ[IAL UO (SUOTIPUOI-PUB-SULIA) /WD A[1M " ATRIqI[auI[u0;//:sd}y) SUONIPUO)) pue suia [, Ay 39S *[$70Z/Z1/80] U0 A1eiqry aurjuQ AS[IA\ “YoIeasay] [BIIPIN UBILIY YINOS AQq 1£68188/4T0T/SS T 1°01/10p/wiod Aajim:Areiquaurfuo//:sdny woiy papeojumo( ‘I “470T ‘0v6L



