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Abstract 

Background Limited studies of multiple sclerosis (MS) exist whereby magnetic resonance imaging (MRI) of the brain 
with consistent imaging protocols occurs at the same time points as collection of healthy lifestyle measures. The aim 
of this study was to test the feasibility, acceptability and preliminary efficacy of acquiring MRI data as an objective, 
diagnostic and prognostic marker of MS, at the same time point as brain‑healthy lifestyle measures including diet.

Methods Participants living with relapsing remitting MS partook in one structural MRI scanning session of the brain, 
completed two online 24‑hour dietary recalls and demographic and self‑reported lifestyle questionnaires (e.g. self‑
reported disability, comorbidities, physical activity, smoking status, body mass index (BMI), stress). Measures of central 
tenancy and level of dispersion were calculated for feasibility and acceptability of the research protocols. Lesion count 
was determined by one radiologist and volumetric analyses by a data analysis pipeline based on FreeSurfer software 
suite. Correlations between white matter lesion count, whole brain volume analyses and lifestyle measures were 
assessed using Spearman’s rank‑order correlation coefficient.

Results Thirteen female participants were included in the study: eligibility rate 90.6% (29/32), recruitment rate 46.9% 
(15/32) and compliance rate 87% (13/15). The mean time to complete all required tasks, including MRI acquisition 
was 115.86 minutes (± 23.04), over 4 days. Conversion to usual dietary intake was limited by the small sample. There 
was one strong, negative correlation between BMI and brain volume (rs = −0.643, p = 0.018) and one strong, positive 
correlation between physical activity and brain volume (rs = 0.670, p = 0.012) that were both statistically significant.

Conclusions Acquiring MRI brain scans at the same time point as lifestyle profiles in adults with MS is both feasible 
and accepted among adult females living with MS. Quantification of volumetric MRI data support further investiga‑
tions using semi‑automated pipelines among people living with MS, with pre‑processing steps identified to increase 
automated feasibility. This protocol may be used to determine relationships between elements of a brain‑healthy 
lifestyle, including dietary intake, and measures of disease burden and brain health, as assessed by T1‑weighted 
and T2‑weighted lesion count and whole brain volume, in an adequately powered sample.

Trial registration The study protocol was retrospectively registered in the Australia New Zealand Clinical Trials Regis‑
try (ACTRN12624000296538).
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Key messages regarding feasibility

• What uncertainties existed regarding the feasibil-
ity?

 Compared to bi-annual MRI as part of routine clini-
cal care for people living with MS, the feasibility and 
acceptability of consistent MRI protocols as part 
of research studies are unknown. Our team investi-
gated the recruitment, adherence to protocols, pri-
mary outcome measures, adverse events, feasibility 
of MRI data for semi-automated pipeline analysis 
and acceptability of acquiring MRI brain scans and 
measures of lifestyle at the same point in time, prior 
to upscaling the protocol.

• What are the key feasibility findings?
 The recruitment rate was 46.9% (15/32), eligibil-

ity rate 90.6% (29/32) and compliance rate 87% 
(13/15). The mean time to complete all tasks, includ-
ing MRI acquisition, was 115.86  minutes (±  23.04), 
over a period of 4 days. The MRI protocols were run 
through a semi-automated pipeline which produced 
significant processing errors in nine (69%) partici-
pants. This required manual intervention to correct 
the pial surface boundary and luminance inhomo-
geneity prior to achieving extraction of whole brain 
volume. There were no adverse events or safety con-
cerns raised.

• What are the implications of the feasibility find-
ings for the design of the main study?

 The results indicate that a large-scale study is fea-
sible; however, the protocol evaluation highlights 
some modifications before progressing. An adequate 
sample size (with lifestyle measures such as dietary 
assessment as the primary outcome measure) should 
be considered in addition to higher quality and vali-
dated measures of lifestyle factors such as stress and 
sleep. Quality data and quantification of volumetric 
MRI data support further investigations using semi-
automated pipelines to explore brain health in MS. 
The implementation of additional pre-processing 
steps is recommended to minimise post-processing 
errors. We also recognise that drawing definite con-
clusions from a single point in time is limited and 
does not provide enough insight to determine the 
upscale of this project, particularly when dealing 
with the complexities of a condition like MS. A lon-
gitudinal approach will provide greater insight into 
the protocol’s sustainability, effectiveness and impact 
on participant’s health behaviours. Powered studies 
will then clarify whether associations exist between 
brain-healthy lifestyle measures and/or dietary intake 
and measures of disability and brain health, including 

T1-weighted and T2-weighted lesion count and volu-
metric analysis.

Introduction
Background
Multiple sclerosis (MS) is a chronic, multi-faceted, neu-
rological condition requiring unique considerations. 
Despite the therapeutic revolution of disease modifying 
therapies (DMTs) over the past decade [1], MS remains 
the most common disease of the central nervous system 
in young adults between 18 and 40  years [2]. Approxi-
mately 2.9 million people are diagnosed with MS globally, 
of whom over 33,300 live in Australia [2].

Despite knowledge of the established risk factors for 
MS, including genetic, environmental, immunological 
and infectious factors, the variability in clinical course 
between people living with MS (plwMS) remains poorly 
explained [3]. This variability necessitates a greater 
understanding of modifiable lifestyle factors that may 
reduce MS symptoms and improve quality of life out-
comes, including levels of disability [4].

The impact of environmental factors such as physical 
activity, ultra-violet (UV) exposure and not smoking are 
vital in the daily management of MS and recent (2016) 
guidelines encourage plwMS to adopt a brain-healthy 
lifestyle to slow down the disease course and maximise 
outcomes [5]. Lifestyle management has also been shown 
to improve overall quality of life [6], empower plwMS to 
take an active role in the daily management of their dis-
ease, make informed choices and gain new perspectives 
for the collaborative development of person-centred care 
plans [7]. This is reflected in the Flinders Chronic Condi-
tion Management Program, a model of self-management 
where clients actively participate in decision-making to 
ensure interventions align with their values, priorities 
and beliefs [8]. This approach has seen many plwMS turn 
their attention towards lifestyle management.

Nutrition and diet is one emerging lifestyle element 
that is now being considered as one of the many possible 
factors that contribute to the pathogenesis of MS, with 
studies identifying distinct associations between dietary 
components and level of disability [9]. Previous reviews 
have found a high intake of saturated fat to be associated 
with poorer MS outcomes [9]. Supplementation of vita-
min D and fatty acids have also shown to improve out-
comes related to brain lesions and lower MS relapse rate 
[10]. Despite this single-nutrient focussed evidence, stud-
ies addressing whole ‘diets’ or patterns of eating that may 
improve or delay MS disability are lacking.

To date, large-scale clinical trial data exploring high-
quality measures of disability and lifestyle have been 
limited to subjective measures of disability, inappro-
priate dietary methodology and rarely collect lifestyle 
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measures at the same data collection time point [11, 
12]. Such methods, therefore, rely on post hoc par-
ticipant recall which has made it difficult to determine 
associations between lifestyle measures, including diet, 
and measures of MS disability [13]. Further, obser-
vational studies tend to use subjective measures to 
quantify disability for plwMS, such as the current 
gold standard and most popular assessment tool, the 
Kurtzke Expanded Disability Status Scale (EDSS) [14].

The EDSS is a neurologist-administered assessment 
scale evaluating functional systems of the central nerv-
ous system in MS [14]. PlwMS are assigned a score that 
corresponds to their level of ambulatory ability (rang-
ing from 0: normal neurological exam/no disability to 
10: death due to MS) in 0.5 increments [15]. Despite the 
tool being clinically validated and widely used in clini-
cal studies, it has limited inter- and intra-rater reliabil-
ity [16, 17] and does not capture any of the cognitive 
and/or ‘invisible’ elements of MS disability (i.e. chronic 
pain or fatigue). Many studies have also found the EDSS 
to lack sensitivity to changes in disease progression 
[18] which warrants need for neuroimaging to index 
markers of disease disability and therapeutic response 
among plwMS [19].

Magnetic resonance imaging (MRI) is a fundamental 
component of routine diagnostic, prognostic and medi-
cal management for plwMS, using magnetic fields and 
radio waves to measure the number and size of brain 
lesion(s) [20]. Integrating MRI information into MS 
monitoring has been shown to help predict the risk of 
long-term disability worsening [21], neurodegenerative 
phenomena and the evolution towards a more progres-
sive phenotype in multiple large-scale, longitudinal and 
international studies [22]. Its role became central in the 
investigations of MS diagnosis and monitoring after the 
1980s and it is now recommended, as a gold standard, 
that plwMS repeat a MRI every 6–12 months, or if new 
clinical symptoms occur, to monitor disease and its 
progression. This is because the presence of new and/
or changing brain lesions and their association with 
disease relapse(s) generally develops over a period of 
6 months.

To ensure a neurologist can accurately assess disease 
activity and progression in plwMS, the MRI scanner, 
image acquisition protocols and patient orientation must 
remain the same. However, such conditions rarely exist 
in clinical practice [23]. Further to this, limited studies in 
MS exist whereby these scans are conducted at the same 
time point as the collection of healthy lifestyle measures. 
Another challenge is variation of the processing and seg-
mentation techniques when using a software suite for 
processing the brain images to obtain quality volumetric 
analysis to assess disability [24].

To the authors’ knowledge, no Australian study exists 
whereby objective measures of MS disability, using con-
sistent MRI acquisition protocols and suitable lifestyle/
dietary methodology, that considers the cognitive limi-
tations of plwMS, has been conducted. Further, studies 
that have included diet/nutrition as one aspect of lifestyle 
management are limited.

Aims and objectives
The primary aim of this study was to test the feasibility, 
acceptability and preliminary efficacy of acquiring MRI 
brain scans at the same time point as lifestyle measures, 
including dietary assessments, in a cohort of plwMS. The 
purpose of this study is to inform protocol designs of 
larger scale studies investigating the relationship between 
disease progression and the adoption of a brain-healthy 
lifestyle.

The specific objectives were to:

• Assess the feasibility of the study protocols by evalu-
ating the proposed recruitment capability of the eli-
gibility criteria and recruitment methods, participant 
retention rates and the quality and manual interven-
tions of the semi-automated neuroimaging output 
for volumetric analysis.

• Assess the acceptability of data collection proce-
dures by assessing participant burden through time 
to complete all study measures and protocol burden 
by the time required for quality control checks and 
manual editing of brain images.

• Ascertain the preliminary efficacy of collecting MRI 
and lifestyle/dietary intake measures in a cohort of 
plwMS, by determining the strength of association 
between dietary intake, exercise, body mass index 
(BMI), UV exposure, age, disease duration and (1) 
T2-weighted (T2w) white matter lesion count and (2) 
T1-weighted (T1w) volumetric analysis, using life-
style profiles and MRI brain scans.

Materials and methods
Study design
A preliminary, cross-sectional analysis was conducted 
between March and September 2021 to investigate 
the feasibility, acceptability and preliminary efficacy of 
acquiring brain MRI and measures of lifestyle manage-
ment among plwMS, at the same point in time. A local 
consumer group of patient and public contributors were 
involved from initial planning stages of the study design 
to dissemination of preliminary results and upscale con-
versations. Feasibility was defined as an overarching con-
cept assessing the extent to which the research protocol 
can be successfully carried out, and acceptability was 
the extent to which people receiving/following the study 



Page 4 of 17Wills et al. Pilot and Feasibility Studies           (2024) 10:71 

procedures considered it to be appropriate based on the 
perceived amount of effort required to participate [25]. 
These methods were necessary to understand how the 
protocols were received, prior to repeated use or con-
ducting on a larger study.

The ethics aspects of this study were approved by the 
University of Wollongong and the Illawarra Shoalhaven 
Local Health District’s Human Research Ethics Commit-
tee (Ref: 2021/ 001) and the research was conducted in 
accordance with the Helsinki Declaration to promote and 
protect the health of participants. The study is reported 
according to the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) checklist 
[26] and the Consolidated Standards of Reporting Tri-
als (CONSORT) extension to pilot and feasibility trials 
[27]. The study protocol was retrospectively registered 
in the Australia New Zealand Clinical Trials Registry 
(ACTRN12624000296538). All participants provided 
written informed consent prior to commencing research 
participation.

Participants
People living in New South Wales, Australia, diagnosed 
with a relapsing remitting MS (RRMS) phenotype were 
recruited between March and June 2021 via multimodal 
means including the MS Australia website, social media 
platforms including Facebook, Twitter and LinkedIn; 
snowball sampling and personal contacts. Telephone 
screening assessing eligibility included: (a) a self-reported 
diagnosis of a RRMS phenotype by a neurologist based 
on the McDonald Criteria [28], (b) aged ≥ 18  years, (c) 
able to read and communicate in the English language, 
(d) access to the Internet for dietary assessment measures 
and (e) understanding and willingness to comply with the 
study protocols. No formal sample size calculation was 
performed as the study was not designed to show statis-
tical significance or power. The study aimed to recruit a 
minimum of 14 adults with MS to complete an in-depth 
analysis of MRI brain scans, as informed by previous 
reviews on adequate sampling in neuroimaging studies 
[29].

If participants met the inclusion criteria and provided 
informed consent, self-reported demographic (sex, date 
of birth) and clinical information including disease dura-
tion (years), time since last relapse (years) and MS medi-
cations was attained. Participants also self-reported their 
level of disability based on motor and neurological dys-
function using the Patient Determined Disease Steps 
(PDDS) which has been validated for use as a measure of 
physical disability in MS [30]. The PDDS scale is a simple, 
subjective measure of disability on a scale from 0 (nor-
mal; functionally normal with no limitations on lifestyle) 
to 8 (bedridden) [31]. It is a reproducible assessment of 

disability that can be undertaken by non-neurology spe-
cialists in MS and hence, the PDDS was utilised in this 
study as a surrogate of the EDSS [31].

Data collection
Participants attended one single visit at the Wollon-
gong Diagnostics Centre located in Corrimal, Australia, 
between April and May 2021 for their structural MRI 
(sMRI) scan and were asked to complete two, online, 
Automated Self Administered 24-hour (ASA24) dietary 
recalls, within the same week as their sMRI. During 
this visit, participants were also assessed with a struc-
tured questionnaire administered in interview format to 
obtain information on lifestyle management. Questions 
and lifestyle measures were adapted from the validated 
2018 Lifestyle and Environment Survey developed by the 
Menzies Institute for Medical Research for the Australian 
MS Longitudinal Study (AMSLS) [32]. The AMSLS is the 
largest national cohort of plwMS, collecting self-reported 
surveys on diverse topics every year. This survey is widely 
used in MS research, ensuring reliability and compara-
bility of data across studies. The protocols used for this 
research are detailed below.

MRI acquisition
All structural and diffusion MRI were obtained on a 3T 
GE Signa Architect MRI scanner (Waukesha, Milwau-
kee, USA) with a 48-channel head coil, at the Wollongong 
Diagnostics Centre, Corrimal, Australia. Neuroimaging 
sequences included a combination of two-dimensional 
(2D) and three-dimensional (3D) acquisition techniques 
to improve the realignment of anatomical orientation 
that is required to detect new brain lesions in plwMS [33, 
34]. The MRI data were acquired as part of a 33-minute 
05-second scan protocol.

T1w and several T2w MRI images were used to ena-
ble grey and white matter volumetric analyses based on 
FreeSurfer software [35] and to identify the presence of 
lesion(s) and their characteristics in brain tissue, respec-
tively. The remainder of the image types, as described 
below, supported the collection of quality MRI data. The 
2015 Magnetic Resonance Imaging in MS (MAGNIMS), 
2016 Consortium of MS Centres (CMSC) and MRI Clini-
cal Scientist (JM) guided the MRI protocols used in this 
study [24, 33].

sMRI types were used to provide quantitative infor-
mation on size, shape, volume and integrity of brain 
structures and lesion characteristics. Diffusion weighted 
images (DWI) were used to measure the diffusion capac-
ity of cellular tissue structures and are highly sensitive to 
acute and chronic brain tissue changes in plwMS. After 
acquiring a calibration and 2D three-plane localiser 
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scan, the following nine structural MRI sequences were 
obtained:

• AC-PC aligned 3D sagittal T1w  IR-SPGR (BRAVO) 
as 1 mm isotropic (repetition time (TR) = 0.008 ms, 
echo time (TE) = 0.003  ms, inversion time 
(TI) = 450  ms, flip angle (FA) = 12°, field of view 
(FOV) = 25.6  cm, number of excitations (NEX)=1, 
inplane resolution= 1mm x 1mm, matrix size= 
256mm x 256mm, acquisition time= 4m 40s);

• 2D T2w  PROPELLER in an (1) axial and (2) 
coronal orientation as 4-mm slice thick-
ness (TR(1) = 8.475  ms, TR(2) = 4664  ms, 
TE(1) = 0.133  ms, TE(2) = 0.133  ms, FA = 142°, 
FOV = 22  cm, NEX = 1.5, inplane resolution 
(1,2) = 0.4297  mm × 0.4297  mm, matrix size 
(1,2) = 512 mm × 512 mm, acquisition time (1) = 2 m 
23 s, (2) = 2 m 42 s);

• 3D sagittal T2w FLAIR Cube with 1-mm slice thick-
ness (TR = 7000  ms, TE = 130  ms, TI = 1933  ms, 
HyperSense = 1.3, FA = 90°, FOV = 25.6 cm, NEX = 1, 
matrix size= 256mm x 256mm, inplane resolu-
tion = 1.0 mm × 1.0 mm, acquisition time = 4 m 37 s);

• 2D axial T2w  FLAIR with 4-mm slice thick-
ness (TR = 12,000  ms, TE = 140  ms, 
FA = 160°, FOV = 22  cm, NEX = 1, matrix 
size = 512  mm × 512  mm, inplane resolu-
tion = 0.5  mm × 0.5  mm, acquisition time = 2  m 
36 s);

• 3D axial Enhanced susceptibility weighted (eSWAN) with 
3-mm slice thickness (TR = 0.0555  ms, TE = 0.017  ms, 
FA = 15°, FOV = 22 cm, acquisition time = 2 m 57 s);

• 2D DWI in an axial orientation as 5-mm slice thick-
ness (TR = 10,500 ms, TE = 0.0764 ms, FOV = 23.0 cm, 
matrix size = 256  mm × 256  mm, inplane resolu-
tion = 0.8984  mm × 0.8984  mm, total scan time = 1  m 
3 s) and

• Axial DWI HARDI acquisition, with 140 dif-
fusion directions (8 at b = 0, 25 directions 
at b = 700, 45 at b = 1000, 70 at b = 2800) 
2.5-mm slice thickness (57 slices), matrix 
size = 100  mm × 100  mm, inplane resolu-
tion = 2.5  mm × 2.5  mm, TR = 4531  ms, 
TE = 0.103–0.115  ms, FOV = 25.0  cm, Hyper-
Band = 3, ASSET = 2), with acquisition time 
of 11  m 15  s and for distortion correction an 
inverse blipped scan (6 at b = 0) with the same 
parameters (duration 41 s).

Image data were obtained in DICOM format and visu-
ally inspected for motion and severe anomalies by two 
researchers. To support reliability of the results, the MRI 
scanner, radiographers (RM, MN), patient orientation 

and image acquisition protocols (i.e. field strength and 
field of view, excitations, pulse sequence, spatial resolu-
tion) remained the same for all participants.

Lifestyle measures, including dietary assessment
An interview-based questionnaire was used to collect 
information on lifestyle measures including: smoking 
status (yes/no), duration of physical activity (minutes 
per day), BMI (weight/height(m)2), level of stress (0–4), 
UV exposure (minutes per day), vitamin D supplemen-
tal dose (IU), current dietary pattern and presence of 
comorbidities.

For high-quality dietary assessments, participants were 
emailed instructions that included a link and unique 
username and password to access the ASA 24-hour die-
tary recall Australian version 2016 tool, developed by the 
National Cancer Institute and adapted to the Australian 
food supply [36]. Participants were prompted via SMS to 
complete two diet recalls on non-consecutive days (one 
weekend day and one weekday) [37] using the ASA24 
tool, within the same week as their sMRI scan. The 
ASA24 is a multi-pass recall methodology and guides 
participants through a series of questions to capture all 
food and beverage intake information within the previ-
ous 24-hour period. Data from validation studies indi-
cates comparability between reported intakes obtained 
in interviewer-administered to self-administered dietary 
recalls [38] and has been used previously in MS popula-
tions [39].

ASA24 is guided by food inclusions and dietary sup-
plement data files from the Australian Food, Supplement 
and Nutrient composition Database 2011–2013 that was 
developed in response to the 2011–12 National Nutri-
tion and Physical Activity Survey [40]. Portion sizes were 
guided by those used in the 2011–13 Australian Health 
Survey [41]. The recall was not restricted to a completion 
time and respondents were able to complete their recall 
within multiple sittings if required.

Outcomes
The Conceptual Framework for Implementation Out-
comes by Proctor et  al. was used to guide the language 
and describe the outcomes of implementation evaluated 
in this study. These outcomes are described in detail 
below [42].

Feasibility and acceptability
The recruitment capabilities were assessed by recruit-
ment rate (number responded to recruitment methods/
number provided written informed consent), time taken 
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for informed consent to be attained, time taken to meet 
required sample size, effective recruitment strategies, 
reason for denial or ineligibility to participate and suffi-
cient or limiting nature of the eligibility criteria (number 
eligible/number completed initial screen) [25, 43, 44]. 
To assess the quality of the reconstructed image output 
using semi-automated pipelines with this protocol, Free-
Surfer (Secondary outcomes section) outlines a quality 
control process which involved visual checks for error(s) 
in the semi-automated segmentation process such as 
skull stripping, white matter or pial surface errors. When 
necessary, manual edits of the pial surface, white matter 
volume and topological defects are recommended [45].

Acceptability of data collection procedures among the 
intended individuals were assessed by compliance rate 
(number of participants in the final analysis/number 
enrolled at commencement of study), participant burden 
(time taken to complete the dietary recalls, total time of 
MRI scans, number of participants requiring rescan due 
to MRI errors, number of participants rescanned due to 
error, distance travelled to receive MRI, total number of 
tasks to complete, total time to complete required tasks 
and number of participants requiring assistance with 
required tasks) [25, 46, 47] and the time taken to com-
plete quality assessment and editing of MRI images using 
FreeSurfer software.

Secondary outcomes

Manual assessment of lesion characteristics One radi-
ologist (AG) visually inspected the axial and sagittal 
T2w images to manually determine total lesion count, 
their dimensions and report the location of each lesion 
[48]. To do this, the radiologist scrolled through continu-
ous sections in the axial and sagittal plane whilst visu-
ally inspecting the images. A lesion was defined as an 
area of focal hyperintensity, being > 5 mm in at least one 
dimension. Lesion location was reported as an important 
measure to track disease progress, including, for future 
studies, where new lesions appear over time or how the 
size of lesions in each location progress [49]. Total lesion 
count for each participant is reported under the prelimi-
nary efficacy outcomes. Gladionium enhancement was 
not used to detect active lesions.

Automated brain segmentation methods MRI were con-
verted from DICOM to NIfTI format using dcm2niix on 
MRIcron cross-platform format image viewer [50]. A 
step-wise directive script was used to instruct the corti-
cal reconstruction and volumetric segmentation stream 
of the T1-W.nii.gz images to run, using a data analysis 
pipeline based on FreeSurfer software suite (http:// surfer. 
nmr. mgh. harva rd. edu/), version 7.1.1 [45]. FreeSurfer is 

an online imaging programme for the analysis and visu-
alisation of structural neuroimaging data [51, 52] which 
accounts for motion correction of multiple T1w images 
and segmentation of white and grey matter volumetric 
structures [53]. The technical details of these procedures 
are described elsewhere [54].

The ‘recon-all’ processing command within FreeSurfer, 
with default parameters, was used to construct white 
and grey matter surface estimates from the T1-W.nii.gz 
3D anatomical volume with multiple intermediate steps 
such as luminance inhomogeneity, bias field corrections 
and skull stripping. Thereafter, total grey matter volume 
(GMV) (left hemisphere cortical GMV, right hemisphere 
cortical GMV, subcortical GMV, total cortical GMV), 
total cerebral white matter volume (WMV) (left hemi-
sphere WMV, right hemisphere WMV) and whole brain 
volumes were estimated [55].

To demonstrate the feasibility of analysing these MRI 
protocols using semi-automatic segmentation pipelines 
with high quality output, the reconstructed T1w.nii.gz 
images were visually inspected in Freeview, FreeSurfer’s 
visualisation tool. All T1w images were examined in a 
slice-by-slice view checking for errors in borders (i.e. 
white matter, grey matter and pial surface borders), sub-
cortical segmentation, intensity normalisation, skull strip 
and topological defect [45]. The images that did not pass 
the initial quality check were manually edited/corrected 
(e.g. by the addition of manual control points, erasing 
voxels or using the recon-edit tool to remove dura from 
the brainmask file) and the segmentation process was 
repeated from the pial edit stage, as suggested by Free-
Surfer guidelines [45].

Dietary analysis The repeated dietary recall data were 
used to calculate usual dietary intake using the multiple 
source method (MSM) [56]. Usual nutrient intakes were 
calculated for individual participants using a three-step 
statistical procedure to account for between person and 
within person variation. Firstly, the probability of con-
suming the nutrient of interest (response variable) on a 
particular day was estimated for each participant. Sec-
ondly, the usual amount of the macronutrient or micro-
nutrient was estimated on consumption days. Finally, 
to estimate the usual daily intake for each participant, 
responses from step one and two were multiplied.

Response variables included total energy, protein, total 
carbohydrates, total fat, dietary fibre and total sugars. 
Analysis of retinol, B12 iron, calcium and magnesium 
were also included in the analysis due to their potential 
associations with MS disability [10, 57, 58]. Response 

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
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variables were adjusted for overall energy intake and esti-
mated assuming that all participants were habitual con-
sumers, with age and sex as explanatory variables that 
influence the MSM regression model. Usual intake data 
were compared to the estimated average requirement 
(EAR) and upper limit (UL) according to the Nutrient 
Reference Values 2006 for Australia and New Zealand 
[59]. Over- and/or underreporting of dietary intake was 
not assessed in these methods.

Data analysis
All statistical analysis was completed using IBM SPSS 
Statistics (V. 25.0, 2017, IBM Corp). Measures of spread 
including the median, interquartile range, mean and 
standard deviation were calculated for the primary 

research aim and objectives regarding feasibility and 
acceptability of research protocols. The Shapiro–Wilk 
test was applied to assess the normality of the data and 
reported accordingly. Descriptive statistics were com-
pleted for all participant demographic characteristics and 
lifestyle measures including dietary intake. Scatterplots 
between dietary, lifestyle, PDDS, age, disease duration 
and MRI outcomes (lesion count and whole brain vol-
ume) were visually inspected for monotonicity and where 
a monotonic relationship existed were variables assessed 
using the Spearman’s rank-order correlation coefficient 
(signified by rs). This is a nonparametric measure of the 
strength and direction of association between two vari-
ables. These results are narratively explored in this manu-
script. A significant result was considered at p < 0.05.

Fig. 1 Study participant’s CONSORT diagram
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Results
Participants
Overall, 32 people expressed an interest in the study and 
were screened for eligibility, of which 29 met the inclu-
sion criteria. Of these, 15 consented and completed the 
pre-screen questionnaire (Fig.  1). There were no formal 
withdrawals during the data collection period. However, 
two participants were excluded from final data analy-
sis due to an inability to obtain MRI data as a result of 
the COVID-19 NSW, Australia lockdown requirements 
during July to September 2021. Therefore, 13 partici-
pants completed all measures and their questionnaire 
responses, lifestyle measures including two ASA24 
responses, PDDS score and axial and sagittal T1w and 
T2w MRI data were analysed. Lesion characteristics were 
available for n = 12 participants due to the delay in data 
collection for one participant as a result of COVID-19.

Characteristics of the participants
Demographic and lifestyle characteristics (Table 1) indi-
cate that the sample was entirely female (n = 13). The 
mean age of participants was 44.62 years (± 7.65) and the 
mean BMI (underweight: < 18.5, healthy weight: 18.5–
24.9, overweight: 25–29.9, obese: > 30) was 26.62  kg/m2 
(±  5.61), indicating majority of the sample were over-
weight. Four participants (31%) were classified as obese.

Mean disease duration was 13.85  years (±  10.69), 
median time since the last relapse was 1.2  years (IQR 
0.92–8) and the median PDDS score at screening was 2: 
moderate disability (IQR 0–3). Eight (62%) participants 
were using infusion-based DMTs, three (23%) oral DMTs 
and the remaining two (15%) were not on any DMT. All 
participants were non-smokers at the time of screen-
ing. The median time spent physically active per day was 
60  minutes (IQR 30–85) and the median time spent in 
the sun per day was 30 minutes (IQR 20–60).

At the time of the study, 85% of participants (n = 11) 
were taking at least one nutrition supplement. Vitamin D 
was the most used supplement at 91% (n = 10), followed 
by fish oil 27% (n = 3), vitamin B12 27% (n = 3) and iron 
18% (n = 2). More than half (54%, n = 7) of participants 
followed a ‘special diet:’ two followed the overcoming MS 
diet (no dairy or meat and low fat), one followed a gluten-
free Swank diet (low saturated fat), one followed a gluten-
free paleo diet (no processed foods, sugar or trans fat), 
two excluded red meat (one of these participants also 
excluded fish from their diet) and one followed an anti-
inflammatory diet (favouring fruit and vegetables, whole-
grains, lean proteins and omega-3).

Outcome data
Feasibility

Recruitment capability This study had a recruitment 
rate of 46.9% (n = 15/32) and an eligibility rate of 90.6% 
(n = 29/32). The median time taken to obtain written 
informed consent following provision of study informa-
tion was one day (IQR 1–11) and the proposed sample 
size was reached after 3 months of recruitment.

Three participants were not eligible to participate due 
to being located interstate (n = 2) and one was without 
a clinically definite diagnosis of MS. An additional 14 
participant enquiries did not result in participation. The 
main reasons being unable to commit due to timing of 
data collection periods (n = 3), did not want an additional 
MRI on top of routine scans though could provide an 
existing scan (n = 3), inconvenient study location (n = 1), 
claustrophobia (n = 1) and six declined without reason.

Table 1 Baseline demographic and lifestyle measures of 
participants

Baseline descriptive statistics for plwMS. Data reported as median (interquartile 
range) for normally distributed data and frequency (percentage of total sample) 
for discrete data

PDDS Patient Determined Disease Steps, BMI body mass index, UV ultra-violet, 
MS multiple sclerosis
a Shapiro–Wilk test p > 0.05—mean (SD) is reported
b Stress and anxiety reported on a scale from: 0, never stressed or anxious to 4, 
very often

Characteristics Participants with MS (n = 13)

Female 13 (100%)

Age, years 44.62 (± 7.65)a

Disease duration, years 13.85 (± 10.69)a

PDDS 2 (0–3)

Time since last relapse, years 1.2 (0.92–8)

BMI, kg/m2 26.62 (± 5.61)a

Smoking status—number

 Never smoked 12 (92%)

 Current smoker 0 (0%)

 Ex‑smoker 1 (8%)

Physical activity—daily minutes 60 (30–85)

Stress/anxietyb 2.57 (1.5–4)

Vitamin D supplement—IU 4000 (500–17,500)

UV exposure—daily minutes 30 (20–60)

MS medications—number

 None 2 (15%)

 Ocrevus infusion 3 (23%)

 Tysabri infusion 3 (23%)

 Copaxone infusion 2 (15%)

 MAVENCAD 1 (8%)

 Aubagio 1 (8%)

 Fingolimod 1 (8%)
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Of the 32 participants who expressed initial interest in 
the study, the MS Australia website was the most popu-
lar recruitment platform with 34.3% (n = 11) (Fig. 2). This 
was followed by 28.1% (n = 9) of people made aware of 
the study from posts in Facebook MS groups and 12.5% 
(n = 4) via personal contacts. The most popular recruit-
ment method among those who provided informed con-
sent was the MS Australia website (40%) (Fig. 3).

Retention Complete data were obtained from all 13 
participants with a confirmed MRI appointment. Two 
additional participants were scheduled to attend their 
MRI scan and complete the ASA24 tool during COVID-
19 lockdown, however were unable to attend the scanner 

due to lockdown restrictions limiting their ability to leave 
their local government area. This converted to a compli-
ance rate of 87% (n = 13/15).

Quality of neuroimaging data Of the 13 participant 
T1w reconstructed brain MRI images, 2 (15%) passed 
initial quality control checks with no manual analysis 
steps required (Fig. 3). Luminance inhomogeneity was 
identified for five participants (38%). Following N4 
bias field correction, an algorithm used for correcting 
non-uniform intensity present in MRI image data, this 
data passed quality control checks. Four participants 
(31%) had persistent errors in the pial surface bound-
ary that were not corrected following N4 bias field 

Fig. 2 Effectiveness of recruitment strategies leading to interest in the study

Fig. 3 Effectiveness of recruitment strategies leading to informed consent
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correction and were, therefore, manually corrected 
using a brain mask created using hb-bet [60] and 
rogue voxels were removed via the mrcalc command 
from the MRtrix3 software package [61]. Despite 
errors, these additional steps increased automated 
feasibility and produced usable data for all n = 13 
participants (Fig. 4).

Acceptability

Time to complete study measures The median time 
taken to complete the first dietary recall using the ASA24 
tool was 43  minutes (IQR 33–57) and the median time 
to complete the second recall was 38.5  minutes (IQR 
29–46). In total, 54% (n = 7) of participants took less than 
40 minutes to provide their dietary recall.

The median number of food items recalled in the first 
ASA24 was 22 (IQR 20–30) and the median number in 
the second recall was 20 (IQR 16–27). Of the 13 partici-
pants who completed the ASA24, 92% (n = 12) completed 
without assistance and 8% (n = 1) completed the recall in 

an interview style due to technical difficulties logging in 
to their online account.

The average time to complete all six required tasks 
in the study (demographic questionnaire, PDDS, 
safety questionnaire, lifestyle measures, MRI, two 
dietary recalls) was 115.86  minutes (±  23.04), over a 
period of 4  days. No serious or adverse events were 
reported beyond typical clinical descriptions within this 
population.

Only two participant images passed initial quality con-
trol checks and did not require further manual interven-
tion. Of the remaining 11, the time required for manual 
editing ranged from 60  minutes in images with only 
minor errors (n = 6) to over 2.5 hours in images with sig-
nificant errors (n = 5), taking approximately 70  minutes, 
on average.

Preliminary efficacy
The mean total number of lesions among n = 12 partici-
pants from all brain regions on a T2w, 3D FLAIR image 

Fig. 4 Quality T1w brain‑reconstruction using FreeSurfer software suite, indicating correct pial surface boundaries and surface segmentation. A, C 
The manually edited T1w brain image in sagittal plane shows an accurate identification of brain region segmentation and B, D reconstructed T1w 
brain image in the coronal plane shows an accurate boundary and subcortical segmentation
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was 21.17 (± 9.19). Lesions were primarily found in the 
occipital and temporal lobes, followed by the parietal 
lobe. The average whole brain volume (BrainSegVol: 
including cerebellum and ventricles but not including 
the dura) for n = 13 participants was 1,074,928.62  mm3 
(± 83,961.36), average white matter volume was 3726.36 
 mm3 (±  2253.42), average subcortical grey matter vol-
ume (SubCortGrayVol: including the thalamus, caudate, 
putamen, pallidum, hippocampus, amygdala, accum-
bens, ventral DC and substantia nigra) was 50,526.69 
 mm3 (± 4470.15) and the average total grey matter vol-
ume (TotalGrayVol) was 583,470.97  mm3 (± 43,463.01). 
The average human brain volume is ~1,130,000  mm3 
in adult women, although there is substantial variation 
[62].

Table  2 summarises the participants’ usual macro-
nutrient and micronutrient intake data (from food and 
beverages) as estimated from the ASA24 dietary recalls, 
compared to the acceptable macronutrient distribution 
range (AMDR). The percentage of total fat contribut-
ing to overall energy intake (38%) was slightly above 
the AMDR, whereas the percentage of carbohydrates 
contributing to overall energy intake (39%) was below 
the AMDR. Protein intake was adequate. Usual nutri-
ent intake of all micronutrients exceeded the estimated 
average requirements for sex and gender. Magnesium 
was the only micronutrient that exceeded the upper 
limit of 350 mg/day.

Monotonic correlations between lifestyle measures, 
including dietary intake, age, disease duration, T2w 
white matter lesion count and T1w whole brain volume 
are outlined in Table  3. There was one strong, nega-
tive correlation found between BMI and brain volume 
that was statistically significant (rs = −0.643, p = 0.018) 
and one strong, positive correlation between physi-
cal activity and brain volume that was also statistically 
significant (rs = 0.670, p = 0.012). A number of weak to 
moderate correlations were also found between: (1) 
lesion count and retinol, physical activity and UV expo-
sure and (2) whole brain volume and dietary fibre, cal-
cium, retinol and age.

Discussion
The primary aim of this clinical study was to test the fea-
sibility, acceptability and preliminary efficacy of acquir-
ing MRI brain scans at the same time point as measures 
of lifestyle management, including diet, among plwMS. 
To the authors’ knowledge, this was the first Australian 
study whereby objective indices of MS disability, using 
consistent between-subject MRI protocols, high-quality 
dietary intake tools and suitable lifestyle methodology 
were conducted. The recruitment, retention, compliance 
rates and participant times to complete the study proto-
cols indicated that the recruitment capability and data 
collection protocol were both feasible and accepted by 
participants living with MS.

The preliminary efficacy findings provide early evi-
dence to support further investigations exploring the 
relationship between lifestyle management and outcomes 

Table 2 Usual dietary intake from ASA24 recalls

ASA24 Automated Self-Administered 24-Hour Dietary Recall, TE Total energy, AMDR 
Acceptable macronutrient distribution range

Shapiro–Wilk test indicated p > 0.05—mean (SD) is reported. p < 0.05—median 
(IQR) is reported
a Exceeded EAR for women aged 31–50 and 51–70
b Exceeded EAR for women 31–50 years only
c Exceeded UL

Nutrient Unit ASA24 recall (n = 13) % TE AMDR

Energy kJ/day 8322.32 (± 2053.51)

Protein g/day 89.14 (± 27.56) 18% 10–35%

Total fat g/day 84.90 (± 28.94) 38% 20–35%

Carbohydrates g/day 189.20 (± 643.83) 39% 45–65%

Sugar g/day 88.40 (IQR 80.6–100.9)

Dietary fibre g/day 30.60 (± 10.85)a

Iron mg/day 12.86 (± 4.61)a

Vitamin C mg/day 107.88 (IQR 69.83–185.83)a

Calcium mg/day 856.93 (± 349.26)b

Magnesium mg/day 412.18 (± 135.71)c

Retinol µ g/ day 1124.20 (IQR 652.49–
1755.51)a

Vitamin B12 µ g/ day 3.75 (± 2.27)a

Table 3 Spearman’s rank‑order correlation coefficient between 
lifestyle measures and brain MRI metrics

Only those variables that met the assumption of monotonicity were correlated 
using the Spearman’s rank-order coefficient, i.e. rs value (sig P value)

BMI body mass index, UV ultra-violet
* Sig result at p < 0.05

Lifestyle measure Lesion count (n = 12) Whole brain 
volume 
(n = 13)

Dietary intake
 Carbohydrate −0.027 (0.929)

 Fibre 0.236 (0.437)

 Calcium −0.280 (0.354)

 Magnesium −0.067 (0.837)

 Retinol −0.256 (0.422) −0.429 (0.144)

Physical activity 0.284 (0.372) 0.670 (0.012)*

BMI −0.643 (0.018)*

UV exposure −0.241 (0.451)

Age −0.298 (0.323)

Disease duration 0.019 (0.95)
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of MS disability including lesion load and whole brain 
volume. Quantification of volumetric MRI data support 
further investigations using semi-automated pipelines 
among plwMS, with pre-processing steps identified in 
order to minimise post-processing errors. In a real-world 
and clinical setting, integrating MRI imaging with life-
style assessments at the same point in time hold prom-
ise for enhancing effective management planning that 
encompasses behavioural change support, as well as 
personalised interventions that are unique to individual 
circumstances. Powered studies will clarify whether asso-
ciations exist between lifestyle measures including die-
tary intake and measures of disability.

All participants were adult females, interested in 
nutrition and followed general healthy lifestyle self-
management behaviours such as avoiding cigarettes and 
participating in regular physical activity in line with the 
exercise training guidelines for MS published in 2019 
[63]. As the study had a strong focus on lifestyle man-
agement in MS, it may have encouraged individuals 
who were motivated and those that actively engaged in 
healthy lifestyle management practices, leading to poten-
tial volunteer bias.

Despite a wide range in the disease duration reported 
by participants (1 to 37  years), the sample showed an 
overall moderate level of physical disability (PDDS 2). 
The participants’ clinical characteristics can be partially 
explained in the context of the eligibility criteria, which 
restricted participants with primary or secondary pro-
gressive MS phenotypes from participating, thereby 
limiting participants with advanced disease and dis-
ability [64]. Further, almost all participants were taking 
DMTs (n = 11) which are associated with a reduced risk 
of increasing levels of disability, as previously reported in 
a randomised control trial [65]. Therefore, results of this 
study cannot be generalised beyond the criteria of this 
study.

The number of people who expressed initial interest in 
the study (n = 32) within 3 months was reasonable in the 
context of the proposed sample size, and the eligibility 
rate of 90.6% was high. This may be attributed to the in/
exclusion criteria which only restricted three participants 
who were located interstate (n = 2) and one that had no 
confirmed MS diagnosis. Overall, the recruitment rate 
of 46.9% (4.3 participants per month) was significantly 
lower than the average recruitment rate reported in other 
published Australian studies involving plwMS [66]. One 
study exploring exercise self-management interventions 
reported a recruitment rate of 13 participants per month 
[66]. This suggests that the recruitment period of this 
study may need to be extended for future, larger stud-
ies involving lifestyle/diet and MRI measures for plwMS 

with over recruitment to cater for participant eligibility 
following expressed interest.

The reasons that eligible participants decided not to 
provide informed consent can provide an insight into 
aspects of the study design that may need to be improved 
prior to upscaling. Two factors that were consistently 
found to influence participation was the requirement for 
an additional ‘research MRI’ and the confusion that MRI 
posed a radiation risk. The majority questioned whether 
an existing scan could be provided as an alternative, or 
whether they were able to add on their neurologists’ 
referral to the scan time, to reduce the number of MRIs 
needed within a 1-year period. Participants were also 
worried that an additional MRI would increase radiation 
exposure, despite safety information provided to partici-
pants explaining that MRIs have no risk of exposure to 
radiation. Providing participants with additional infor-
mation about the difference between research and clini-
cal MRI scans may facilitate further recruitment numbers 
to overcome this barrier [67].

Previous poor scan experience and claustrophobia was 
predicted to be a barrier to recruitment; however, only 
one participant reported claustrophobia and refused 
to participate. This may be attributed to the informa-
tion provided to participants upon expressing interest 
in the study. The information outlined measures imple-
mented to minimise stress and anxiety including pro-
viding headphones with music and a security buzzer to 
all participants. Additionally, due to the nature of the 
study, participants who found MRIs to be distressing 
and uncomfortable likely did not express initial inter-
est in the study. Moreover, the location of the study 
was another barrier to participation in a minority of 
participants (n = 3) and could potentially be overcome 
through expanding data collection to multiple sites, if 
identical scanning parameters could be ensured, prior to 
upscaling.

Overall, the time taken (3  months) to reach the pro-
posed sample size of 14 was longer than anticipated. To 
address this, it was expected that the recruitment phase 
would need to be prolonged to reach the proposed sam-
ple size of a larger-scale study, within a given period. 
Of the recruitment methods, a majority of participants 
were made aware of the study via the MS Australia web-
site (n = 13) and Facebook groups (n = 9). With MS Aus-
tralia being the main resource portal for both plwMS and 
researchers, these findings were expected.

Recruitment through MS outpatient clinics and the 
establishment of collaborative neurology teams is con-
sistently reported as an effective strategy to increase 
recruitment rates among plwMS [68]. However, this was 
not considered as a strategy in the present study due to 
the lack of a local MS clinic. Focus groups conducted 
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within neurology treatment areas have identified a com-
mon theme suggesting the important role of the treating 
physician in influencing a person’s decision to participate 
in clinical research. It is also commonly reported that 
recruitment via this method can increase the eligibility 
rate, as the neurologist will only identify eligible partici-
pants [68]. Furthermore, four out of the eight proposed 
recruitment methods required the Internet and/or a 
social media presence, potentially limiting older adults 
or adults from underserved communities from partici-
pating. Therefore, to shorten the recruitment duration, 
increase recruitment and eligibility rates, and maintain 
homogeneity of the sample will require collaboration 
with neurology teams potentially at multiple sites.

Despite 85% of the reconstructed T1w brain images 
requiring post-processing intervention, the manual edit-
ing procedures and interventions used in this study do 
reflect the errors identified by the FreeSurfer instructions 
for quality control [45, 69]. However, the average edit 
time was significantly longer compared to FreeSurfer’s 
estimations of 30 minutes [69]. This time difference may 
be partially explained by 69% of the data having pial sur-
face boundary errors which are more time-consuming 
to correct and/or the experience of the researcher with 
FreeSurfer error identification and corrections. The large 
number of manual corrections required warrant con-
siderations given to pre-processing stages prior to the 
recon-all command to increase the automated feasibility.

There were no formal participant withdrawals through-
out the study; however, due to the COVID-19 global pan-
demic, two participants were unable to undertake MRI 
scans and one participant’s scan was significantly delayed 
due to lockdown restrictions. Therefore, MRI and life-
style profiles were obtained for 13 participants (87% of 
the consenting cohort). The rate of ‘withdrawal’ (13%) is 
lower compared to other Australian observational studies 
that use MRI data [70, 71]. These studies have reported 
withdrawal rates of 20–40% among plwMS. Therefore, 
this can indicate a high degree of acceptability of the 
study protocols and was somewhat expected given the 
small number of tasks required by participants.

The median time (40.75  minutes) taken for the par-
ticipants to complete one 24-hour dietary recall using 
the ASA24 online tool was longer than what has been 
previously reported. Data show that US respondents 
completed their 24-hour dietary recall using ASA24 
within an average of 24  minutes, and most completed 
their recall within 17–34  minutes [72]. Further to this, 
a second study by Kupis et  al. [66] revealed the average 
time taken for participants to complete the ASA24 was 
27.4 minutes. The results of the present study were some-
what expected, given that cognitive impairment occurs 
in 40–65% of plwMS and is characterised by hindered 

attention skills, information processing speed and con-
centration [73]. In addition, the average number of food 
items recalled (n = 21) was higher than what has been 
previously reported which may explain the increased 
time to complete the dietary recalls [72]. It is also rec-
ognised that there is a learning effect apparent with the 
use of online tools and the dietary recall was used for the 
first time for a majority of the participants (n = 12). Com-
puter literacy and/or cognitive burden of using the online 
dietary assessment tool also needs to be considered as a 
potential issue prior to upscaling the study design.

Reported in a 2021 preliminary study exploring the 
validity of self-reported dietary assessments in adults 
with MS were solutions to improve the ASA24 protocols 
[74]. Participants with MS have suggested keeping a food 
diary in parallel with the ASA24 recalls to reduce the 
burden of recall memory, or queried an option for con-
tinuous ASA24 entries throughout the day, to reduce the 
burden of recall time. These suggestions would change 
the form of dietary methodology from one of usual to 
actual intake which has implications to its interpretation. 
In line with the conclusions of Silverira et al. [74], further 
research is required before considering these practices in 
a larger study to ensure that knowledge of the recall day 
does not influence dietary intake.

Overall, the average time to complete all six required 
tasks in this study indicated a low participant burden 
and wide acceptance of study protocols. FreeSurfer 
instructions state that manual corrections should take 
no more than 30  minutes; however, this timeframe was 
exceeded to ensure careful quality assessment and edit-
ing [68]. We suspect that the number of errors per image 
and researcher experience with FreeSurfer affected this 
outcome.

Lesion characteristics from our study were consistent 
with what has been reported in other studies. Curti et al. 
[75] reported a mean value of T2w FLAIR lesions as 22.7 
(±  16.42) per participant, which is near identical to the 
findings in this current study being 21.17 (±  9.19). The 
locations where lesions were identified have also been 
referred to as common among MS cohorts [76]. Upscal-
ing and broadening of the eligibility criteria to partici-
pants with a more progressive form of MS may produce 
different results.

Whilst brain volumes are usually measured and 
reported over time in MS to support brain atrophy 
rates and calculations of brain volume loss, this manu-
script supports the use of FreeSurfer to calculate whole 
brain volume and grey matter and white matter volume 
changes over time for future studies (Fig.  4). The aver-
age whole brain volume 1,074,928.62mm3 (±  83,961.36) 
among participants was lower compared to the aver-
age human brain for adult females (~1,130,000  mm3) 
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[62]. These results were expected given that brain vol-
ume loss is known to occur throughout the MS disease 
and at a rate faster than the general population [77]. In 
addition, given that the MRI protocols took 33  minutes 
and other pre-scan questionnaires were collected which 
required the participants to be fasted, we cannot rule out 
that hydration status may have had an impact on the MRI 
metrics.

Due to the unpowered sample size, it was expected that 
no significant correlations would be found between life-
style measures and clinical variables. However, there was 
one strong, negative correlation found between BMI and 
brain volume that was statistically significant (rs = −0.643, 
p = 0.018), suggesting an association between increas-
ing BMI with decreasing brain volume. These results are 
largely reflected in the literature with increasing evidence 
stating that overweight and obesity is associated with 
chronic inflammation, worsening disability and poorer 
MS outcomes [78]. Further, the second positive, statis-
tically significant association between physical activity 
and brain volume (rs = 0.670, p = 0.012), has also been 
widely established [79]. Therefore, education on obesity 
management that forefronts the importance of healthy 
eating and physical activity, as an integral components 
of MS management, is gaining increased traction and 
should be highlighted as non-pharmacologic interven-
tions to improve clinical outcomes of MS. The number 
of weak to moderate correlations warrant further investi-
gation into the effects of specific elements encapsulating 
lifestyle management on disease outcomes and progres-
sion. We must here acknowledge that the risk of type 2 
error in interpreting the correlation analyses is high due 
to the small sample. Scatterplots were assessed for mono-
tonicity though challenged finding precise monotonic 
relationships between variables. Appropriate sample size 
calculations should be conducted prior to upscaling to 
determine the number of participants required to detect 
a significant association and to improve the rigor of these 
tests.

The MSM, as opposed to other methods for estimating 
usual nutrient intake, such as the National Cancer Insti-
tute method, has shown to be more reliable and enabled 
more precise estimates for the  10th and  90th percentiles 
when working with small sample sizes (n < 150) [80]. 
Therefore, a significant strength of the study protocols 
was the use of the validated MSM for calculating usual 
nutrient intake from repeated 24-hour dietary recalls, 
though the sample of our study was notably small for in-
depth dietary analysis.

Limitations
Despite the limited sample size (n = 13), the number of 
participants in neuroimaging studies is generally smaller, 

compared to studies exploring dietary assessment/life-
style measures. A 2020 review exploring appropriate 
sample sizes in over 880-neuroimaging studies reported 
the median sample size to be 6 and the mean 8 [81]. Fur-
thermore, 82% of the included studies had a sample size 
≤  10. A second review evaluating the sample size from 
~1500 of the most cited MRI papers found that 96% of 
MRI studies had a median sample size of 12 [29]. This is 
due to the large number of MR images obtained, as was 
reflected in this study. Again, adequate sample size cal-
culations should be conducted prior to upscaling, with 
lifestyle measures such as diet, rather than imaging, as 
the primary variable. As the sample size increases, this 
should also help to improve the reliability of the results.

Despite assessing the acceptability of study protocols 
through data collection measures, participants were not 
directly asked for feedback on the tools and methods 
followed. Future studies should include an acceptabil-
ity assessment and consider additional valid and reliable 
measures of assessing implementation [42] to provide 
a more comprehensive understanding of the protocol’s 
real-world applicability. Finally, the ASA24 does not 
include data for omega-3 and vitamin-D and specific 
neurotransmitters such as choline, which have been pre-
viously reported to be associated with MS disability [10]. 
Alternative tools may need to be considered if associa-
tions between these nutrients are to be assessed in future 
studies. Further to this, the use of regression models to 
consider confounding factors that influence disability in 
MS should be considered when exploring potential rela-
tionships between MRI measures, including the addition 
of lesion volume and lifestyle profiles in a larger sample. 
Consideration of participation in rehabilitation pro-
grammes could be added to the eligibility criteria if these 
procedures are upscaled to a powered intervention study.

We acquired more data than presented here, specifi-
cally the advanced diffusion MRI. This is a focus of future 
investigations whereby white matter metrics and tracto-
graphic analyses will be performed and presented, as will 
the voxel-based data from FreeSurfer, in the context of 
MS and dietary intake.

Conclusion
The initial results of this study suggest that acquiring a 
comprehensive suite of MRI brain scans at the same time 
point as measures of lifestyle management is feasible and 
acceptable to adult participants living with MS. Quality 
data and quantification of volumetric MRI data support 
further investigations using semi-automated pipelines 
among plwMS, with pre-processing steps to minimise 
post-processing errors and increase automated feasibil-
ity. Prior to upscaling, collaboration with consumers 
such as neurologists should be considered to shorten the 
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recruitment duration, increase the recruitment rate and 
eligibility rate, whilst maintaining homogeneity of the 
sample.

Preliminary associations have highlighted the impor-
tance of education on obesity management that fore-
fronts the importance of healthy eating and physical 
activity to improve clinical outcomes of MS. Ultimately, 
this type of study has the potential to identify relation-
ships between elements of a brain-healthy lifestyle, 
including dietary intake, and measures of disease bur-
den and brain health, as assessed by T1w and T2w lesion 
count and whole brain volume, in an adequately powered 
sample. The use of regression models that include con-
founders that influence disease progression should be 
considered.
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