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Abstract

Objective: To identify gut microbiome features associated with MRI lesion

burden in persons with pediatric-onset multiple sclerosis (symptom onset

<18 years). Methods: A cross-sectional study involving the Canadian Paediatric

Demyelinating Disease Network study participants. Gut microbiome features

(alpha diversity, phylum- and genus-level taxa) were derived using 16S rRNA

sequencing from stool samples. T1- and T2-weighted lesion volumes were mea-

sured on brain MRI obtained within 6 months of stool sample procurement.

Associations between the gut microbiota and MRI metrics (cube-root-

transformed) were assessed using standard and Lasso regression models.

Results: Thirty-four participants were included; mean ages at symptom onset

and MRI were 15.1 and 19.0 years, respectively, and 79% were female. The T1-

and T2-weighted lesion volumes were not significantly associated with alpha

diversity (age and sex-adjusted p > 0.08). At the phylum level, high Tenericutes

(relative abundance) was associated with higher T1 and T2 volumes (b
coefficient = 0.25, 0.37) and high Firmicutes, Patescibacteria or Actinobacteria

with lower lesion volumes (b coefficient = �0.30 to �0.07). At the genus level,

high Ruminiclostridium, whereas low Coprococcus 3 and low Erysipelatoclostri-

dium were associated with higher lesion volumes. Interpretation: Our study

characterized the gut microbiota features associated with MRI lesion burden in

pediatric-onset MS, shedding light onto possible pathophysiological

mechanisms.

Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease

characterized by inflammatory demyelination of the cen-

tral nervous system. MS typically manifests in adulthood,

but pediatric-onset (<18 years of age) affects up to 5% of

the MS population.1 Pediatric-onset MS is predominantly

relapsing–remitting and is associated with a highly active

course.2 The involvement of white or gray matter related

to inflammatory activity can be clinically silent but evi-

dent on MRI. Persons with pediatric-onset MS have com-

parable, if not greater, total MRI lesion burden relative to
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adult-onset individuals with similar clinical disease

durations.3–5 Although the relationship between early

MRI and long-term outcome in individuals with

pediatric-onset MS is not well understood, the lesion bur-

den seen on MRI in the early stages of adult-onset MS

predicts long-term disability.6

The growing understanding of the role of microbiota

in the development of the immune system suggests that

the gut microbiota may affect MS pathogenesis,7,8 includ-

ing inflammatory activity in the brain.9 The total T2

lesion volume on brain MRI is a marker for focal inflam-

matory lesion burden,10,11 and chronic T1-hypointense

lesion volume represents irreversible focal lesional tissue

degeneration.11–13 This raises the possibility that a per-

son’s gut resident microbes might influence MS disease

burden, as measured by MRI lesion burden.

Compared to studies of adults with MS, studies of

individuals with pediatric-onset MS likely provide an ear-

lier window into understanding the initiation of the dis-

ease and related disease activity. Previous studies

comparing individuals with pediatric-onset MS and unaf-

fected controls revealed differences in the taxonomic

composition, connectivity, and functional potential of the

gut microbiota.14–17 Alpha diversity, measuring the rich-

ness and evenness within a microbial community, is an

important overall indicator of gut health18; shifts in the

relative abundance of individual taxa, on the other hand,

have the potential to reveal the dysbiosis of gut micro-

biota that is associated with the MS disease activity. To

date, relatively little is known of the relationship between

these gut microbiota features and MRI-related disease

activity in the pediatric-onset MS population.19

A better understanding of the connections between gut

microbiota and MRI lesion activities could guide future

novel biomarkers of disease activity or suggest novel drug

or intervention-related targets. In this cross-sectional

study, we investigated the relationship between the gut

microbiota composition and brain MRI lesion burden in

persons with pediatric-onset MS (symptom onset

<18 years of age). The MRI metrics included total T2-

hyperintense lesion volume and chronic T1-hypointense

lesion volume. The gut microbiota composition metrics

included alpha diversity (richness and evenness) and taxa

abundance at the phylum and genus levels.

Methods

Enrollment, data collection, procurement of stool sam-

ples, and related sequencing have been described previ-

ously in detail.15 Briefly, participants were enrolled

through the Canadian Paediatric Demyelinating Disease

Study (23 sites in Canada and 1 in the United States).

Informed consent or assent was obtained from

participants and their parents/legal guardians. Ethical

approval was obtained from each institution’s research

ethics board (the Hospital for Sick Children in Toronto,

the Children’s hospital of Philadelphia, the Universities

of: British Columbia, Calgary, Manitoba, McGill, Memo-

rial, and Western). All methods were performed in accor-

dance with the relevant guidelines and regulations. All

participants were <18 years of age at MS symptom onset,

met the 2017 McDonald diagnostic criteria for MS and

were negative for serum myelin oligodendrocyte glycopro-

tein (MOG) antibodies, if a test result was available. The

MOG antibodies were tested using live, MOG IgG1-

specific cell-based assay (Oxford, UK) with full- or short-

length human MOG.20,21 Demographic and clinical char-

acteristics were collected via standardized forms facilitated

by the site coordinator, including date of birth, MS symp-

tom onset, sex assigned at birth, and country of residence

(Canada/USA). Information on body mass index (BMI),

categorized into normal or obese (>30, the 85th percentile

of the cohort), current or prior use of a disease-

modifying drug (DMD) for the treatment of MS, and the

Expanded Disability Status Scale score (EDSS) was also

collected around the time of stool sample procurement.

The 7-point Bristol Stool Scale22 was also completed by

the participant or parent/caregiver at the time of stool

sample procurement and was categorized into hard (types

1–2), medium (3–5), or loose (6, 7).

Stool samples were procured between 2015 and 2019,

shipped on ice and stored at �80°C in a central location.

Participants were required to have no exposure to sys-

temic antibiotics or corticosteroids in the 30 days before

stool sample procurement. After all samples were pro-

cured, Zymo Quick-DNATM Fecal/Soil Microbe Miniprep

Kit (D6010) was used to extract DNA from each stool

sample. The 16S rRNA gene (V4 region) of all samples

included in this study was amplified and sequenced via

Illumina MiSeq-600 V3 platform in one batch at the

National Microbiology Laboratory (Winnipeg, Manitoba,

Canada). The resulting sequences were then denoised and

clustered into amplicon sequence variants (ASVs) using

Deblur (v.1.1.0) and QIIME2 (Quantitative Insights Into

Microbial Ecology; v.2019.4) with taxonomy assigned

using the SILVA database (v.132).

Research MRI scans were obtained using standardized

1.5 or 3 Tesla brain MRI protocols, and all images were

processed centrally at the McConnell Brain Imaging Cen-

tre, McGill University. T1 and T2 lesion were segmented

automatically and manually corrected, as previously

described.5,23 T2-weighted hyperintense lesions had to be

at least 3 voxels in size. T1-weighted hypointense lesions

were segmented on postcontrast T1-weighted images with

contrast enhanced regions excluded from the segmenta-

tion. For inclusion in the present study, participants were

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 487

F. Zhu et al. MRI and Gut Microbiome in Pediatric-Onset MS



required to have a research brain MRI scan performed

within 180 days of a stool sample procurement. T2 lesion

volume was the primary MRI metric of interest with the

T1 lesion volume being the secondary metrics. If more

than one research MRI scan was available within the time

frame, the closest one to the stool sample collection was

selected.

Cohort characteristics are presented descriptively. The

T1 and T2 lesion volumes were transformed by the cube

root to achieve an approximately normal distribution.

Hereafter, the lesion volume refers to cube-root-

transformed lesion volume unless stated otherwise. The

relationships between the T1 and T2 lesion volumes and

participant characteristics were assessed by the Kruskal–
Wallis rank sum test for categorical variables and Pear-

son’s product–moment correlation for continuous

variables.

Alpha diversity was assessed as species evenness and

richness (Shannon index, Margalef’s index and Chao1

index; see Table S1) using amplicon sequence variants

(ASVs) rarefied to 16,181 sequences. Linear regression

was used to examine the association between these alpha

diversity indices and T1 and T2 lesion volumes with and

without adjusted for age at MRI and sex. Separately, at

the phylum and genus levels, a Least Absolute Shrinkage

and Selection Operator (Lasso) regression was used to

determine the most prominent individual ASVs associated

with T1 and T2 lesion volumes. The Lasso regression is a

type of linear regression that uses shrinkage to avoid over

fitting of the data and is well suited for variable selection

with high dimensional data.24,25 All individual ASVs with

more than 20% of nonzero counts were included in the

Lasso model after normalization, using the median-of-

ratios method (R-package DESeq2 [Differential Expres-

sion of Sequencing Data]). In total, 9 phyla (8 bacteria

and 1 archaea) and 169 genera (168 bacteria and 1

archaea) were included in the Lasso analyses as binary

variables after being categorized as high relative abun-

dance (above the median of the normalized relative abun-

dance) and low relative abundance (below or equal to the

median). Since taxonomic relative abundance was usually

highly skewed, it was categorized to avoid unduly large

influence from a few extreme values. The optimal tuning

parameter k of the Lasso regression was determined by

implementing a repeated grid search cross-validation26

with 10,000 runs of K-fold cross-validation (K = 10 for

T2, K = 9 for T1 as ≥3 individuals per fold is required).

The mean cross-validation error for each k was stored

from each run, and the k with the smallest average of the

mean cross-validation errors over all runs was selected for

the final model. The linear and Lasso regression results

were expressed as b coefficients and 95% confidence

intervals (CIs). The 95% CIs of the b coefficients from

the Lasso regressions were calculated using 10,000 boot-

strap resamples. The value of b represents the mean dif-

ference in cube-root-transformed T1 and T2 lesion

volumes between those with high relative abundance and

with low relative abundance after adjusting for the other

ASVs selected by the Lasso model; a positive (negative) b
value indicates that high relative abundance was associ-

ated with a higher (lower) lesion volume. For descriptive

purpose, the boxplots of lesion volumes were generated

by the relative abundance level of the selected phyla and

genera. No patient characteristics were included in our

main Lasso regression analyses. To assess whether the

results may be affected by the other factors, a sensitivity

analysis was carried out in which the following potential

confounders were included: age at MRI (continuous), sex,

DMD exposure (ever vs never), country of residence

(Canada vs USA), and Bristol Stool Scale (medium [types

3–5] vs hard or loose [types 1–2, 6–7]). The Bristol Stool

Scale was grouped into two levels in this sensitivity analy-

sis as only two participants’ samples were categorized as

loose (types 6–7) (see Supplementary Material—Sensitiv-

ity Analysis). The analyses in this paper are exploratory in

nature, and no power calculation was conducted a priori.

Due to limited knowledge regarding the relationship

between the MRI outcomes and the gut microbiome

composition, a meaningful power calculation was not fea-

sible. Statistical analyses were performed using R (v.

4.0.2).

Results

Descriptive summaries

The cohort selection flow chart is shown in Fig. S1. The

descriptive summaries of the cohort characteristics are

presented in Table 1. A total of 34 individuals with

pediatric-onset MS were included in this study. Nearly

80% were female and 76% were residents of Canada, with

the rest living in the United States. Approximately three-

quarters of participants had a medium stool consistency,

and five participants (15%) were considered overweight

or obese (BMI > 30).

The average (standard deviation [SD]) age at MS

symptom onset and at MRI measurement were 15.1 (2.4)

and 19.0 (4.3) years, respectively. The mean clinical dis-

ease duration at the time of MRI was 4.0 (3.9) years. The

median time (interquartile range [IQR]) since the most

recent relapse (pre-MRI) was 1.0 (0.4–5.1) year. The

median (IQR) time between the MRI measurement and

stool sample collection was 12 (5–34) days and ranged

from 0 to 168 days. No study participant had a relapse

during this time period.
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Most participants had a relatively low disability burden

as measured by EDSS; 32 of 34 participants scored 2.5 or

below, considered “minimal disability.” Most participants

(79%) were exposed to at least one DMD before stool

sample collection. Thirteen (38%) of the participants had

at least one comorbidity prior to or at the time of MRI

(the most common being asthma and atopic dermatitis).

The median T2 lesion volume was 3.911 cm3 (IQR:

1.389, 9.916 cm3). The median (IQR) after cube root

transformation was 1.6 (1.1, 2.1). T1 lesion volume was

missing in five participants since a postcontrast image

was unavailable. The median T1 lesion volume for the

remaining 29 participants was 0.642 cm3 (0.075,

1.959 cm3) and 0.9 (0.4, 1.3) after transformation.

Age at MS onset, age at MRI, and disease duration at

MRI were not highly correlated with either of the T2 or

T1 lesion volume (all Pearson’s correlations < 0.34, p-

values > 0.05; see Table S2). The T2 or T1 lesion volume

also did not differ significantly by sex, country of resi-

dence, Bristol Stool Scale (hard, normal, loose), DMD

exposure, or BMI (normal vs obese) (Kruskal–Wallis rank

sum test, p-values > 0.10; see Table S3). Therefore, these

participant characteristics were not considered as poten-

tial confounders in the main Lasso regressions.

Gut microbiota alpha diversity

Two alpha diversity metrics (Margalef’s index and Chao 1

index) were initially associated with the T2 lesion volume

in univariate analyses, but none remained significant after

age at MRI and sex adjustments (all p-values > 0.08,

Table 2). None of the alpha diversity metrics (Shannon

index, Margalef’s index and Chao 1 index) were associ-

ated with T1 lesion volume (univariate and age at MRI

and sex adjusted p > 0.13, Table 2).

Phylum-level gut microbiota

The Lasso regression identified five phyla associated with

T2 lesion volume and four phyla associated with T1 lesion

volume (Fig. 1); all belong to Bacteria. The only phylum

within Archaea included in the analysis, Euryarchaeota, was

not selected by the Lasso regression. The two most influen-

tial phyla on T2 lesion volume were Firmicutes and

Tenericutes. The two most influential phyla on T1 lesion

volume were Actinobacteria and Tenericutes. A high relative

abundance of Tenericutes was associated with a higher T2

or T1 lesion volume (b coefficient [95% CI] = 0.37 [0.00–
0.85] for T2, 0.25 [0.00–0.60] for T1). Meanwhile, a high

relative abundance of Firmicutes, Patescibacteria, and

Actinobacteria was associated with a lower T2 or T1 lesion

volume (b coefficient of Firmicutes = �0.30 [�0.79, 0.00]

for T2, �0.07 [�0.48, 0.00] for T1; b coefficient of

Table 1. Characteristics of the pediatric-onset multiple sclerosis cases.

Characteristic measured at stool sample

collection, unless stated otherwise

Multiple sclerosis cases

(total n = 34)

Female: n (%) 27 (79%)

Country of residence: Canada/USAa, n 26/8

Age at symptom onset, years: mean (SD;

range)

15.1 (2.4; 6.3–17.8)

Age at MRI, years: mean (SD; range) 19.0 (4.3; 7.3–27.4)

Clinical disease duration at MRI, years:

mean (SD; range)

4.0 (3.9; 0.1–11.1)

Expanded Disability Status Scaleb: median

(IQR)

1.5 (1, 1.5)

Time since last relapse to MRI, years:

median (IQR)

1.0 (0.4, 5.1)

Presence of comorbiditiesc: n (%) 13 (38%)

Ever exposed to disease-modifying drugd:

n (%)

27 (79%)

Body Mass Index: crude median (IQR) 23.2 (20.4, 26.2)

Cigarette smoking (passive or active) ever

prestool sample: n (%)

5 (15%)

Bristol Stool Scale: median (IQR) 3.5 (3, 4)

Hard (types 1–2)/Medium (types 3–5)/

Loose (types 6–7)

7/25/2

Block Kids Screener: dietary intake per day, range

% protein caloric intake 15%–18%

% fat caloric intake 31%–38%

% carbohydrate caloric intake 47%–58%

Fiber, grams 8.8–13.7

Number of participants with available/

valid diet data

22

Alpha diversity of the gut microbiota, mean (SD; IQR)

Shannon index (evenness and richness) 0.68 (0.10; 0.66, 0.72)

Margalef’s index (richness) 21.1 (6.4; 17.2, 23.2)

Chao 1 index (richness) 241.4 (74.4; 197.4,

279.3)

MRI metrics, median (IQR; range)

T2 lesion volume, cm3 3.911 (1.389, 9.916;

0.033–27.135)

T1 lesion volumee, cm3 0.642 (0.075, 1.959;

0–5.907)

Percentage denominator reflects those without missing data for the

corresponding variable.

IQR, interquartile range (first and third quartiles); range, minimum–

maximum; SD, standard deviation.
aCanada: 19 from Ontario, 4 from Quebec, 2 from Manitoba, 1 from

Alberta; USA: all 8 from Pennsylvania area.
bAssessed at the clinical visit closest to the stool sample procurement,

which had a median time to stool sample procurement of 11 days

(IQR: 5–31 days).
cReported comorbidities included asthma, psoriasis, atopic dermatitis,

moderate depression, anxiety, milk allergy, attention-deficit/

hyperactivity disorder, gastroesophageal reflux, and migraine.
dAll “ever exposed to disease-modifying drug” participants had been

exposed within 3 months of stool sample procurement; 12 ever

received beta-interferon, 6 glatiramer acetate, 4, dimethyl fumarate, 3

natalizumab, 2 fingolimod, 2 rituximab, and 1 teriflunomide.
eT1 lesion results were available in 29 participants and were missing

in 5 participants due to unavailable postcontrast T1-weighted scan.
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Patescibacteria = �0.21 [�0.63, 0.00] for T2, �0.18 [�0.49,

0.00] for T1; b coefficients of Actinobacteria = �0.18

[�0.54, 0.00] for T2, �0.22 [�0.55, 0.00] for T1). A sum-

mary of the relative abundance of the phyla selected by the

Lasso regression can be found in Table S4. The distribu-

tions of the lesion volumes by the relative abundance level

of these phyla are shown in Fig. S2. Although, in the sensi-

tivity analysis when the other covariates were included,

Actinobacteria and Verrucomicrobia were no longer selected

for T2 lesion volume, and one additional phylum Proteo-

bacteria was selected for T1 lesion volume albeit with a rel-

atively weak association (see Table S5).

Genus level gut microbiota

The Lasso regression selected 10 dominant genera associ-

ated with T2 lesion volume, a high relative abundance of

five genera was associated with a higher T2 lesion volume

and five associated with a lower T2 lesion volume. The

only genus within Archaea included in the analysis,

Methanobrevibacter, was not selected by the Lasso regres-

sion. All but one were classified within the phylum Firmi-

cutes. One belonged to the phylum Actinobacteria, which

was uncultured at the genus level but classified under the

family Atopobiaceae (Fig. 2). Seven genera, all but one

being from the phylum Firmicutes, were associated with

T1 lesion volume; a high relative abundance of two gen-

era was associated with a higher lesion volume and five

were associated with a lower lesion volume. The genus

whose relative abundance associated with the greatest

increase in the lesion volumes was Ruminiclostridium

(b coefficients = 0.10 [0.00, 0.42] for T2, 0.18 [0.00, 0.34]

for T1) and the one associated with the largest decrease

was Coprococcus 3 (b coefficient = �0.31 [�0.54, 0.00]

for T2, �0.28 [�0.52, 0.00] for T1), followed by Erysipe-

latoclostridium (b coefficient = �0.24 [�0.50, 0.00] for

T2, �0.14 [�0.34, 0.00] for T1). A summary of the

relative abundance and the complete taxonomic level

information of the genera selected by the Lasso regression

can be found in Table S4 and Fig. S3, respectively. The

distributions of the lesion volumes by the relative abun-

dance level of these genera are shown in Fig. S4. In the

sensitivity analysis with the other covariates, the findings

remain largely unchanged except for two taxa Candidatus

Stoquefichus and Adlercreutzia, that were weakly associated

with T1 lesion volume (close to null b coefficient values)

in the main analysis, were no longer selected (see

Table S6).

Discussion

In this cross-sectional study of persons with pediatric-

onset MS, we did not detect a clear association between

the alpha diversity (evenness and richness) of the gut

microbiota and MRI lesion burden. However, at the taxo-

nomic level, we identified several phylum- and genus-level

microbes associated with both T1 and T2 lesion volumes.

These findings, combined with others,19 suggest that the

gut microbiota has potential to play various roles in mod-

ifying MS activity, which should be examined in future

studies. Ultimately, this may offer novel opportunity to

alter the disease course in MS.

Of the five phyla identified, four were associated with

both T1 and T2 lesion volumes in the same direction:

Alpha diversity

Unadjusted Adjusted

b (95% CI) p-value b (95% CI) p-value

T2 lesion volume (cube-root-transformed)

Shannon index (evenness and

richness)

�0.12 (�0.36, 0.12) 0.34 �0.12 (�0.34, 0.11) 0.33

Margalef’s index (richness) 0.24 (0.01, 0.46) 0.047 0.18 (�0.06, 0.42) 0.14

Chao 1 index (richness) 0.25 (0.03, 0.48) 0.036 0.21 (�0.02, 0.44) 0.086

T1 lesion volume (cube-root-transformed)

Shannon index (evenness and

richness)

�0.20 (�0.62, 0.22) 0.35 �0.36 (�0.78, 0.06) 0.11

Margalef’s index (richness) 0.12 (�0.07, 0.31) 0.22 0.07 (�0.13, 0.26) 0.53

Chao 1 index (richness) 0.11 (�0.08, 0.31) 0.27 0.07 (�0.13, 0.27) 0.48

Interpretation: The b values and their 95% confidence intervals (CIs) were assessed using linear

regression. The b value represents the mean change in lesion volume (cube root transformed) associ-

ated per 1 standard deviation (SD) increase in the alpha diversity index. The SDs are as follows: 0.1

(Shannon), 6.4 (Margalef’s), and 74.4 (Chao 1) (see Tables 1 and S1). A positive b value indicates

that a higher index value was associated with a higher brain T2 or T1 lesion volume.

Table 2. The association between the gut

microbiota alpha diversity indices and brain

MRI lesion volumes in the pediatric-onset

MS cohort.
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Tenericutes, Firmicutes, Patesibacteria, and Actinobacteria.

One, Verrucomicrobia, was only associated with T2 lesion

volume, although the association was relatively weak (see

Fig. 1 and Table S5). At the genus level, four genera were

associated with both T1 and T2 lesion volumes, and were

in the same direction. Six genera were exclusively associ-

ated with T2 lesion volume and three were exclusively

associated with T1 lesion volume (see Fig. 2 and

Table S6). We observed relatively fewer taxa associated

with T1 lesion volume. This may be due to the smaller

sample size and lower variability in T1 lesion volume.

The presence of phylum Tenericutes was associated with

higher T1 and T2 lesion burden. Tenericutes is typically

reported as being of relatively low abundance in the

human gut microbiota, and little appears known of its

role or functionality in a human health or disease context.

This phylum was only present in eight participants (24%)

in our cohort, and most clades were from the order

RF39, class Mollicutes, and were typically unnamed at the

genus level. Although Tenericutes has not been previously

correlated with MS activity, several studies have found

other links with MS14,27,28 as well as other conditions,

such as obesity29 and inflammatory bowel disease.30 One

study found that members of the phylum Tenericutes were

enriched in the relapsing–remitting form of experimental

autoimmune encephalitis (EAE) relative to disease naive

mice.27 A previous case–control study, reported higher

Tenericutes abundance in those with pediatric-onset MS,

especially among the DMD na€ıve group, compared to

healthy controls.14 Similarly, a recent Italian study com-

paring adults with MS (n = 15) and their unaffected fam-

ily members (n = 15)28 also found a higher relative

abundance of Tenericutes in those with MS.

Of the other phyla identified, most were associated

with lower brain MRI lesion volume. For example, a high

relative abundance of Firmicutes was associated with lower

T1 and T2 lesion volumes. Many members within Firmi-

cutes are thought to exert anti-inflammatory effects.31–33

Our findings broadly agree with a previous study in

which depletion of Firmicutes was found in persons with

pediatric-onset MS compared to controls.19 However, in

our study, the direction of the association varied across

different genera classified within the phylum Firmicutes.

This observation is consistent with the diverse functional-

ity of its member taxa. For example, a high relative

abundance of the genera Ruminiclostridium and Rumino-

coccaceae NK4A214 group from the family Ruminococca-

ceae was associated with a higher lesion burden. In

contrast, the genus Butyricicoccus from the same family

was associated with a lower lesion burden. Also within

Figure 1. The association between the gut microbiota (phylum level) and brain MRI lesion volumes (cube root transformed) in the pediatric-onset

MS cohort. “*” indicates that the taxon was identified for both T1 and T2 lesion volumes. Interpretation: The b values and their 95% confidence

intervals were assessed using Lasso regression. The b value represents the mean difference in lesion volume (cube root transformed) between the

participants with normalized gut microbiota relative abundance above the median vs those below or equal to the median after adjusting for the

other ASVs in the model; a positive b value indicates that a high relative abundance was associated with a higher lesion volume. A difference of

0.33 and 0.18 corresponds to 20% above or below the overall sample mean for the (cube root transformed) T2 and T1 lesion volumes

(mean = 1.6 and 0.9, respectively).
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the Firmicutes, a high relative abundance of the genus

Erysipelatoclostridium from the family Erysipelotrichaceae,

and the genera Coprococcus 3 and Roseburia from the

butyrate-producing family Lachnospiraceae, was all associ-

ated with a lower lesion burden. Butyrate is a short-chain

fatty acid (SCFA) and a key metabolite produced by some

gut microbes, which has been shown to have neuropro-

tective effects.34 Decreased butyrate producers in MS have

been reported.32,35 Interestingly, the presence of Roseburia

has been associated with better cognitive function in

other neurodegenerative diseases,36 presumed to be medi-

ated via SCFA production. Our study also found a high

abundance of the phylum Actinobacteria associated with a

lower T2 volume. Presuming that a higher abundance of

this phylum infers a beneficial effect, our findings agree

with observations seen in another study from our group,

which also reported a relative depletion of Actinobacteria

in persons with pediatric-onset MS (who were also partic-

ipants from the Canadian Paediatric Demyelinating Dis-

ease Study) versus unaffected controls.15 However, this

finding remains to be verified as Actinobacteria was not

selected in our sensitivity analysis that included other

covariates. Finally, in our study, the phylum Patescibac-

teria was also associated with a lower T1 and T2 volume,

although little is known about its role in health and

disease.

Few studies have reported a relationship between the

gut microbiome and MRI features in persons with MS.

To our knowledge, none has studied the association of

the gut microbiota and cumulative lesion burden on MRI

in the pediatric-onset MS population. A study of 55

pediatric-onset MS patients in the United States19 exam-

ined the gut microbiome and new lesion activity on brain

MRI. They found higher abundance of butyrate-

producing microbes associated with low risk of subse-

quent disease activity. Another study from the United

States37 reported that, based on analysis of univariate cor-

relations adjusted for age, the abundances of several spe-

cies in the genus Clostridium were associated with a

higher T2 lesion volume and a lower whole brain volume

in adult individuals with RRMS (n = 116). Although

Clostridium was not identified in our analysis, the study

identified species from Roseburia and Coprococcus as asso-

ciated with a higher brain volume in the RRMS partici-

pants. Caution should be taken when comparing findings

between studies due to differences in the methodology,

including study design, stool sample processing, sequenc-

ing and bioinformatics pipeline, analytical (statistical)

Figure 2. The association between the gut microbiota (genus level) and brain MRI lesion volumes (cube root transformed) in the pediatric-onset

MS cohort. “*” indicates that the taxon was identified for both T1 and T2 lesion volumes. Interpretation: The b values and their 95% confidence

intervals were assessed using Lasso regression. The b value represents the mean difference in lesion volume (cube root transformed) between the

participants with normalized gut microbiota relative abundance above the median vs those below or equal to the median after adjusting for the

other ASVs in the model; a positive b value indicates that a high relative abundance was associated with a higher lesion volume. A difference of

0.33 and 0.18 corresponds to 20% above or below the overall sample mean for the (cube root transformed) T2 and T1 lesion volumes

(mean = 1.6 and 0.9, respectively).
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approaches, and covariate adjustment. A well-designed

study is needed to compare the microbiome and its rela-

tionship to MRI lesion burden between adult-onset and

pediatric-onset MS.

We examined two main MRI metrics, the total T1 and

T2 lesion volumes, routinely used for monitoring the

cumulative disease burden in MS. T2-weighted hyperin-

tense lesions could represent a wide range of pathologic

processes and are not specific for lesion severity.

Chronic hypointense areas on T1-weighted MRIs are

thought to be more pathologically specific, representing

permanent tissue destruction.13 As expected these two

metrics were highly correlated in our cohort, hence, it

was not surprising that several identified taxa were associ-

ated with both lesion volumes. Not all pathological fea-

tures of MS can be studied using conventional MRI scans

and the association between lesion volume and clinical

presentation or change is typically modest. Other MRI

metrics, such as brain volume, particularly thalamic vol-

ume loss, and lesion volumes at specific brain regions,

spinal cord lesions, injuries in the gray matter, such as

gray matter volume loss or cortical lesions, would also be

of interest for future studies.

A strength of this study is that we adopted the Lasso

regression model, which allowed us to consider all candi-

date ASVs simultaneously. The relationships between dif-

ferent gut microbes are complex, and their relative

abundances are interrelated. Instead of assessing the asso-

ciation between each ASV and the MRI metrics individu-

ally and adjusting for multiple comparisons, our

approach captures the joint effect of the ASVs. We chose

to dichotomize the ASV relative abundance into low and

high categories to avoid the issues with highly skewed

ASV counts, making the results more robust, although

there was some loss of data granularity. Another study

strength was that our cohort consists of young individuals

relatively close to their disease initiation (median disease

duration was 4 years), thus reducing (although not elimi-

nating entirely) many confounders experienced when

studying adults with long-term MS.

Our study has several limitations, including being

cross-sectional such that our observed associations do not

imply causality. In addition, MS is a highly heterogeneous

chronic disease; both lesion volumes and microbial com-

position evolve over time and are subject to short-term

fluctuation.38 Therefore, the potentially complex relation-

ship between MRI lesion burden and gut microbiota fea-

tures might not be reliably captured by cross-sectional

data. Without repeated MRIs and stool samples, we were

not able to evaluate the stability of our findings. How-

ever, an earlier study of a group of individuals with at

least two stool samples39 suggested that the gut micro-

biota composition in our population exhibited relative

stability over a short interval (2–25 months). Our study

focused on gut microbiome composition and did not

investigate the relationship between the lesion volumes

and biochemical pathway features (functionality) of the

gut microbiome. Our sample size is modest since

pediatric-onset MS remains relatively rare, and resulted in

wide confidence intervals and limited our ability to detect

mild associations and adjust for potential confounders. It

is also possible that some of the identified associations

may only be present in our cohort. Verifying the results

in future studies with larger cohorts would be valuable.

Our study was not design to examine the mediation effect

of SCFA production or the impact of past DMD expo-

sure; both of these aspects warrant future investigations.

Our study provides valuable insight into the design of

such future studies. Our findings could guide the deter-

mination of sample size that will allow for adequate

power to detect meaningful differences as well as control-

ling for potential confounders. Careful considerations

should be given to identifying and controlling for poten-

tial confounding factors through study design and analy-

sis. To reduce the impact of the random variability in gut

microbiota composition on the study findings, it would

be desirable to collect multiple stool samples when

feasible.38 As advanced sequencing technologies, such as

shotgun metagenomic sequencing with deep sequencing,

become more accessible, it will be possible to obtain data

with better taxonomic coverage and resolution, or allow

for analysis of function potential, and biochemical path-

way. Which MRI metrics to be included also requires

consideration depending on the pathological features of

interest and the sensitivity of the metrics. It would be

valuable to measure the SCFA levels in stool or serum

samples. This would enable the study to examine the cor-

relation between the abundance of SCFA-producing bac-

teria and the levels of SCFA, as well as their correlation

with MRI features. Another aspect to investigate is

whether DMD alters the association between the micro-

biome and MRI features. Ideally, stool samples and MRI

scans should be collected both before and after the initia-

tion of DMD.

In summary, our findings add to the understanding of

the association of the gut microbiota with the MRI lesion

burden in pediatric-onset MS. At the taxonomic level,

several microbes were found to be associated with either

a higher or lower lesion burden and were also found to

be either enriched or depleted in persons with MS com-

pared to healthy controls in previous studies. This raises

the possibility that they could play a role in both the

development of MS and the disease course, both of which

are worthy of future investigation. Future work could

include gaining an in-depth understanding of the func-

tionality of our identified microbes and their interaction
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with the central nervous system, as well as examining

whether these microbes predict changes in lesion volume

and future disease progression, or if modification of these

microbes could prevent MS disease activity or

progression.
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