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Introduction

Multiple sclerosis (MS) is a neuroinflammatory disease 
affecting ~2.9 million people worldwide.1 While advances 
in treatment have led to the development of effective dis-
ease-modifying therapies, there is currently no cure for 
MS.2 As a result, both the disease and its symptoms tend to 
progress over time. Clinical assessment of MS can be 
made using both clinical tests (such as test of walking 
capacity, cognitive function, fatigue and composite scores) 
and magnetic resonance imaging (MRI). Measurement of 
structural changes in the brain can be measured using 
fluid-attenuated inversion recovery (FLAIR) sequences 
where focal lesions can be seen. Alternatively, myelination 
can be measured using a variety of different MRI tech-
niques such as quantitative susceptibility mapping.3 Whilst 
MS severity can be categorised by the Expanded Disability 

Status Scale (EDSS),4 to evaluate disability and worsening 
symptoms, there is a great need for new biomarkers to 
describe disease progression, characterise patients’ 
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symptoms and better understand the mechanism of 
development.

In relapsing-remitting MS (RRMS) an attack is believed 
to be caused by an autoimmune inflammatory response 
against myelin sheaths in the central nervous system 
(CNS) leading to demyelination, axonal damage and sub-
sequently neurodegeneration.5 The inflammatory nature of 
MS fundamentally alters cellular energy demands and 
metabolic pathway preferences. Activated immune cells 
(such as microglia and infiltrating lymphocytes) undergo 
significant metabolic reprogramming, including a pro-
nounced shift towards aerobic glycolysis, to support their 
rapid proliferation, cytokine production and effector func-
tions during the inflammatory response in MS.6,7 Likewise, 
reactive astrocytes exhibit heightened glycolytic activity.8 
This increased glycolytic flux, coupled with potential 
mitochondrial dysfunction in neurons and oligodendro-
cytes due to oxidative stress and inflammatory mediators,9 
means that metabolic changes are an important part of the 
disease.

Metabolic investigations in MS have dated back to the 
1950s where altered glucose levels were first reported.10 
Altered metabolism reflects the brain’s struggle to meet 
energy demands in the face of ongoing damage and repair 
processes as well as reflecting the inflammatory response 
with activated macrophages opting for highly glycolytic 
metabolism. The change in metabolism has been linked to 
disease characteristics11 and is seen as a potential avenue 
to expand our understanding of MS. So far, MS research 
has mainly focussed on systemic glucose stress assess-
ments that have indicated higher anaerobic metabolism in 
the CNS.12 More recently, molecular and metabolic imag-
ing can offer improved understanding of the disease. 
Proton MR spectroscopy has been applied in MS13–15 
showing increased levels of the glutamate pool within the 
MS brain because of neurodegeneration, however it fails 
to reflect accumulation information and purely reflects 
steady-state metabolism. Metabolic changes have also 
been measured using fluorodeoxyglucose proton emission 
tomography (FDG-PET) where hypometabolism has been 
observed within MS16,17 but reflects only glucose uptake.

Deuterium Metabolic Imaging (DMI) is an emerging 
metabolic MRI technique providing metabolic informa-
tion of 2H-labelled glucose’s conversion into downstream 
metabolites. Following the consumption of [6,6′-2H2] glu-
cose, the level of glucose within the brain can be measured 
alongside downstream metabolic conversion into 
2H-lactate and into a combined measurement of labelled 
glutamate and glutamine, 2H-Glx. The measurement of 
2H-Lactate reflects glycolysis, a pathway, that is, typically 
upregulated in inflammation and cellular stress, whereas 
2H-Glx reflects the oxidative phosphorylation (OXPHOS) 
pathway. In comparison to other metabolic imaging meth-
ods such as FDG-PET and hyperpolarised [1-13C] pyruvate 
MRI, DMI offers a novel measurement of downstream 

metabolic conversion of glucose with limited technologi-
cal requirements at lower cost. Moreover, previous appli-
cations to brain tumours18,19 and Alzheimer’s disease20,21 
have demonstrated its ability to measure disease related 
metabolic dysfunction, but its feasibility in measuring MS 
related changes has yet to be investigated. This study 
therefore aimed to investigate the feasibility of using DMI 
to measure alterations in brain glucose metabolism in 
RRMS patients compared to healthy controls (HC) and 
establish if measurements correlate with MS disease 
severity.

Material and methods

Participant characteristics

The research was conducted in accordance with the 
Declaration of Helsinki and received approval from the 
Danish Regional Ethical Committee (registration number 
1-10-72-51-24). Additionally, the study was preregistered at 
www.clinicaltrials.gov (identifier: NCT06611280). All par-
ticipants provided informed consent. Inclusion criteria for 
RRMS patients were aged between 18 and 60 years, and an 
EDSS score between 0 and 6.5 (where a limit of 6.5 was set 
to ensure all patients could enter MRI scanners on their 
own). Candidates were excluded from participating if they 
were participating in other clinical trials, were pregnant, had 
neurological, psychiatric and systemic comorbidities 
(except hypertension, hyperlipidaemia, atherosclerosis and 
transient ischaemic attack) or had MR imaging contraindi-
cations. No MS patient had suffered from transient ischae-
mic attacks in this study. One patient was excluded from 
analysis following imaging due to the impact of a previ-
ous brain surgery. For healthy controls to be eligible, they 
had to meet the same inclusion/exclusion criteria as 
patients, except those specific for MS. Additionally, they 
had to match an already enrolled patient on age (±5 years) 
and sex.

MR imaging

DMI was scanned on a 3 T MRI system (MR750; GE 
HealthCare) equipped with a volume transmit-receive pro-
ton/deuterium head coil (PulseTeq) following fasting for at 
least 4 h. Participants orally consumed 75 g of [6,6′-2H2] 
glucose in 200 mL of water and waited at least 60 min 
before entering the scanner. The subjects entered ~20 min 
before the 2H-MRSI scan when preparatory scans began. 
Following acquisition of proton MRI localisers, higher 
order shimming was performed over an ellipsoid region of 
the brain using the proton coil. SPGR proton images 
(inversion time = 450 ms; FOV = 240 mm; TR = 5.4 ms; 
echo time (TE) = 1.7 ms; flip angle (FA) = 12°; spatial reso-
lution = 0.9 × 0.9 × 1 mm3) were acquired to allow for reg-
istration to higher resolution proton images. DMI was 
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acquired following eddy current correction22 and Bloch–
Siegert radiofrequency calibration to adjust transmitted 
power and resonance frequency.23 Three dimensional 
MRSI (real matrix size, 10 × 10 × 10; field of view, 
24 × 24 × 24 cm3; spectral points, 700; bandwidth, 
5000 Hz, flip angle = 70°, TR = 155.8 ms, number of signal 
averages = 4, total scan time = 17 min and 25 s) was 
acquired at a mean time of 95 ± 9 min after oral ingestion 
of D-glucose. Following DMI, the coil was removed and 
swapped for a 16-channel proton brain coil (GE 
HealthCare) for high resolution clinical proton imaging 
consisting of a T1-weighted FSGRE, Neuromix24 scan for 
T1 and T2 weighted FLAIR imaging and arterial spin 
labelling (ASL).

The DMI spectra were reconstructed using the MNS 
Research Package (GE HealthCare), denoised with tMP-
PCA25,26 using multiple signal averages, partial volume 
corrected and bias field corrected using MICO27 in 
MATLAB 2024b. For quantification, the DMI spectra 
were fit voxel-wise using OXSA-AMARES.28 The result-
ing maps of deuterated water, glucose, lactate and Glx 
were then linearly interpolated to the resolution of the ana-
tomical images for visual overlays. For regional analysis, 
anatomical T1-weighted images were segmented using 
SPM1229 to segment the brain into three “brain” compart-
ments, grey matter (GM), white matter (WM) and cerebro-
spinal fluid (CSF) and one “background” compartment 
containing all voxels that were not identified as the above. 
To quantitatively analyse DMI data from these compart-
ments, the Spectroscopy with Linear Algebraic Modelling 
(SLAM) approach30 was used to produced spatially local-
ised spectra that effectively come from the non-rectilinear 
compartments denoted above. SLAM effectively incorpo-
rates prior information, in the form of these binary masks 
corresponding to anatomically segmented proton 3D local-
iser images, into the reconstruction of phase-encoded 
MRSI data, giving one spectrum per anatomical seg-
ment.30–32 Compartmentalised spectroscopy approaches 
effectively adjust the spectral response function of the CSI 
acquisition to become shaped like the target segmented 
volume of interest, and therefore effectively swap having a 
larger number of regularly spaced voxels for a smaller 
number of irregularly spaced voxels with a typically better 
full-width-half-maximum spectral response function along 
anatomically meaningful contours of interest. They have 
been extensively validated against higher resolution pro-
spectively acquired CSI data and are routinely used in the 
context of phosphorus33,34 and proton35 spectroscopy. The 
spatial response function for the individual tissue maps 
was simulated to highlight the ability of SLAM to resolve 
distinct compartments and shape the appropriate SRF  
to anatomically meaningful regions (Supplementary 
Materials Figure 1(a)). After reconstruction, the individual 
tissue’s spectra were produced which were subsequently 
fit using OXSA–AMARES to produce metabolic values 
for each tissue. Correlation analysis between SLAM and 

segmentation of OXSA–AMARES fitted maps are shown 
in Supplementary Materials Figure 1(b).

Following quantification, metabolic ratios of 2H-Glc 
and 2H-Glx to the naturally abundant 2H-Water peak were 
taken, reflecting the level of glucose within the blood 
stream and the oxidative metabolism, respectively. Values 
were not corrected for T1.

Segmentation of FLAIR images was performed using 
Lesion Segmentation Tool (LST)36 in SPM12 to extract 
lesion volume and total number of lesions.

Clinical tests

Blood glucose and lactate levels were measured in a rest-
ing state before ingestion of the deuterated glucose from a 
100 μL capillary blood sample and analysed using the 
ABL90 Flex Plus arterial blood gas sampling system 
(Radiometer Medical ApS, Denmark).

Physical function was assessed by three separate walk-
ing tests and the 5-time sit-to-stand test (5STS). The fol-
lowing tests assessed walking capacity and were performed 
in order: (1) The timed 25-foot walk test (T25FWT) meas-
ured maximal walking speed. The test was performed 
twice and expressed as a two-trial average in m/s.37,38 (2) 
The six spot step test (SSST) measured walking balance/
coordination. The test was performed twice for each leg 
and expressed as a four-trial average completion time.39 
(3) The 6-min walk test (6MWT) measured walking endur-
ance expressed in meters.40 Finally, the 5STS test assessed 
chair-raising ability in terms of the time taken to complete 
five sit to stand movements from a chair. The test was per-
formed twice and expressed as a two-trial average comple-
tion time.41

Cognitive function was assessed using the selective 
reminding test (SRT) and symbol digit modalities test 
(SDMT). The SRT measured memory from long-term 
storage, consistent long-term storage and 20-min delayed 
recall; all SRT outcomes are expressed as the number of 
correct words recalled.42 The SDMT measured cognitive 
processing speed and attention by having participants 
translate geometric symbols into numbers. The test score 
was the number of correct translations in 90 s.43

Two patient-reported outcome measures were adminis-
tered. First, the modified fatigue impact scale (MFIS) 
assessed the subjective perception of fatigue impact, where 
a higher score indicates more fatigue impact.44 Second, the 
MS impact scale (MSIS) assessed the impact of MS on the 
life of a MS patient.45 The MSIS questionnaire was only 
given to participants with MS. A higher score indicated a 
greater impact of the disease on daily functioning.

EDSS scores were obtained from their medical records 
(and determined within 6 months of imaging). Patients 
were grouped into low and moderate severity groups based 
on their EDSS score. An EDSS score of 2.5 was set as the 
threshold to separate low disease severity (n = 3) and mod-
erate disease severity (n = 5).



4	 Journal of Cerebral Blood Flow & Metabolism 00(0)

Statistics

Statistical analyses were performed using GraphPad Prism 
(v10.4.1), and a p < 0.05 was considered significant. Data 
distribution was assessed for normality using the 
Kolmogorov-Smirnov test.

Initial between-group comparisons (MS patient vs 
healthy controls) of metabolic ratios within different tis-
sue types were performed using unpaired unequal vari-
ance Student’s t-test or the Mann–Whitney U test, as 
appropriate. Assessment of cerebral tissue changes within 
cohorts used paired t-tests. To investigate the relationship 
between metabolic ratios and clinical measures (e.g. 
EDSS, lesion burden, functional tests), simple linear 
regression was used to determine the coefficient of deter-
mination (R2) and to test if the slope was different from 
zero.

To create a composite metric of overall physical func-
tion, a physical Z-score was calculated by averaging the 
standardised scores of the 6MWT, SSST and 5STS and 
dividing by the standard deviation of the HC group.

Finally, two-way repeated measures ANOVA was 
employed to test for main effects and interaction effects 
between disease severity subgroups (healthy controls, low 
EDSS, moderate EDSS) and tissue compartments (e.g. 
GM, WM, CSF).

Results

Participant characteristics

The present study employed a cross-sectional design  
that included nine participants with relapse-remitting  

MS (RRMS; three males and six females, mean age: 
39 ± 10 years) with a broad distribution of EDSS scores 
(min = 0, max = 6.5/10, mean = 3 ± 2) and eight healthy 
controls (three males and six females, mean age: 
38 ± 10 years). A final cohort of eight MS patients  
and eight healthy controls was included in the analysis 
(Table 1). The groups were well-matched for age and sex. 
As expected, patients demonstrated poorer performance 
on average across all physical and cognitive tests com-
pared to controls.

Initial group comparisons reveal no global 
metabolic changes

Initial group-wise comparisons of DMI metabolic ratios 
did not reveal any significant differences between MS 
patients and HC in either WM or GM (Figure 1).

Metabolic changes with disease severity

Disease based changes were investigated by looking at the 
relationship between metabolic ratios and the EDSS score in 
the WM. Whilst 2H-Glc/2H-Water did not show any correla-
tion with EDSS score (p = 0.76, Pearson r = −0.12; Figure 
2(a)), 2H-Glx/2H-Water showed a significant negative cor-
relation (p = 0.048, Pearson r = −0.71; Figure 2(a)). We also 
investigated the relation between WM and GM metabolism 
in the HC and MS cohorts where we observed only the MS 
patients showed significant differences in 2H-Glx/2H-Water 
between the WM and GM (HC: GM = 0.25 ± 0.08, 
WM = 0.24 ± 0.06, MS: GM = 0.30 ± 0.09, WM = 0.23 ±  
0.09, p < 0.0001; Figure 2(b)).

Table 1.  Cohort characteristics. Data are presented as mean ± SD and ranges in brackets, n = 3 patients had an EDSS score ⩽2.5.

Participant group Healthy controls MS

Age (years) 38 ± 10 (26–52) 39 ± 10 (25–53)
Sex 5F:3M 5F:3M
Physical tests  
Six-min walk test (m) 614 ± 84 (514–750) 493 ± 174 (203–717)
Six spot step test (s) 5.6 ± 0.7 (4.7–6.6) 7.9 ± 3.3 (4.0–12.6)
5× Chair raise (s) 7.8 ± 2.5 (5.2–11.5) 13.2 ± 7.7 (5.6–26.2)
MFIS  
 Physical subscale (0–36) 2 ± 3 (0–8) 14 ± 8 (2–26)
 Cognitive subscale (0–40) 6 ± 5 (1–16) 16 ± 9 (2–25)
MSIS  
 Physical impact score (20–80) 38.0 ± 23.7 (1.25–56.25)
 Psychological impact score (9–36) 35.8 ± 18.8 (2.7–58.3)
Cognitive  
 Selective reminding test 57.6 ± 8.7 (40–68) 40.9 ± 11.2 (26–62)
 Symbol digit modality test 59.5 ± 9.3 (47–79) 43.3 ± 19.0 (20–72)

MFIS: Modified Fatigue Impact Scale, MSIS: Multiple Sclerosis Impact Scale.
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Metabolic differences categorised  
by disease severity

We next categorised patients based on their EDSS score to 
stratify MS severity and investigated how metabolism 
changes in different tissue types and disease severity sub-
groups (n = 8: healthy controls, n = 3: low EDSS (⩽2.5) 
and n = 5: moderate EDSS (>2.5)). Patient characteristics 
of the two MS groups are shown in Supplementary Table 
1. All subjects showed a trend of decreased 2H-Glc/2H-
Water within the WM compared to GM (Figure 2(c); HC: 
p = 0.05, low MS: p = 0.003, moderate MS: p = 0.014). 
However, only the MS group showed trends of decreased 
2H-Glx/2H-Water within the WM compared to the GM, 
with the moderate MS group with the most significant 
decrease in the WM (Figure 2(c); HC: p = 0.31, low MS: 
p = 0.012, moderate MS: p = 0.0002).

When repeating the analysis for the HC group and 
grouping the cohort based on their age matched patients 
EDSS score (to create a “low” and “moderate” matched 
severity group), no correlations were found implying that 
metabolic changes were not a consequence of age or sex.

MRSI maps of 2H-Glx/(2H-Glc + 2H-Water) shown in 
Figure 3 illustrate differences between the three groups 
with representative images taken from HC, MS patients 
with low severity (EDSS = 0) and MS patients with moder-
ate severity (EDSS = 4.5 and 6.5). Spectra extracted from 
the WM region using SLAM analysis illustrates the 
decreased 2H-Glx peak within the moderate severity group, 
fitted spectra is provided in the Supplementary Materials 
Figure 3.

Metabolic changes related to structural  
and functional impairment

As a further marker of MS severity, metabolic changes 
because of cerebral lesions was investigated. Initial 

segmentation analysis to assess lesion metabolism showed 
no significant changes compared to the normal appearing 
brain (Supplementary Materials Figure 2) likely due to the 
low volume of the lesions. However, we investigated the 
correlation of metabolic change to lesion volume and total 
number of lesions as a marker of lesion burden and structure 
damage. Lesion volume was found to be predominately 
located in the WM (ratio of lesion volume in GM/ lesion 
volume in WM: 0.25 ± 0.16). Lesion volume correlated sig-
nificantly with impaired glucose metabolism (2H-Glc/2H-
Water) and showed trends with oxidative metabolism 
(2H-Glx/2H-Water) in the white matter (p = 0.016, r = −0.8, 
p = 0.11, r = 0.61, respectively; Figure 4(a) and (b)). 

Figure 1.  Group wise comparison between patients and 
HC across the entire cohort. Error bars represent 10th–90th 
percentile. No significant differences were seen in brain 
metabolism either across the whole brain or within tissue 
types.

Figure 2.  Metabolic changes with disease severity shows 
changes both within the WM and relative to the GM: (a) the 
level of 2H-Glc/2H-Water remains the same across EDSS 
severity within the WM (p = 0.76, Pearson r = −0.12), however, 
2H-Glx/2H-Water showed a negative correlation as EDSS 
severity increases within the WM (p = 0.048, Pearson r = −0.71), 
(b) comparison between the GM and WM showed that 
only the MS cohort showed significant changes between the 
cerebral tissues, potentially owing to increased cellular damage 
in the WM making changes more pronounced (**p ⩽ 0.01,  
***p ⩽ 0.001), and (c) classifying MS patients based on EDSS 
score (low EDSS (⩽2.5, n = 3), moderate EDSS (>2.5, n = 5)) 
showed that the GM to WM change became more pronounced 
in the more severe MS cohort.
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However, the high lesion volume outlier (24.4 mL) had a 
high leverage and high Cook’s distance from the other sub-
jects and when removed significance is lost. As an alterna-
tive measure of lesion burden, the number of lesions was 
found to be significantly associated with metabolic 
changes within the WM. Decreases in both 2H-Glc/2H-
Water and 2H-Glx/2H-Water with increasing number of 
lesions were measured in the WM (p = 0.0056, r = −0.86, 
p = 0.011, r = −0.83, respectively) Lesion burden itself was 
not significantly correlated with EDSS (Supplementary 
Materials Figure 4).

Composite Z-scores were found from physical perfor-
mance tests where higher Z-scores corresponded to 
improved physical performance compared to the rest of the 
cohort. The metabolic changes were compared to patient 
function, where a higher 2H-Glx/2H-Water within the WM 
showed trends of relation with better overall physical per-
formance, as measured by a composite physical Z-score 
(p = 0.12, r = 0.6; Figure 5). However, comparison to cog-
nitive performance tests, MFIS cognitive surveys and 
SDMT did not show any correlation.

Discussion

In this study we investigated the feasibility of measuring 
changes of downstream metabolism in MS using DMI. We 
observed that in our cohort decreased levels of 2H-Glx/2H-
Water correlated with disease severity within the WM. 
Interestingly however, 2H-Glc/2H-Water did not show sig-
nificant changes as EDSS increased. Whilst overall group 
level changes were not observed, our patient cohort was 
heterogenous covering early onset MS with little to no 
symptoms to more severe symptomatic MS. A significant 
decrease in 2H-Glc/2H-Water and 2H-Glx/2H-Water within 
the WM relative to the GM was seen only in MS patients 
compared to the HC cohort. This pilot investigation acts as 
a proof of concept for further studies to investigate down-
stream metabolic change in MS.

Disease severity was also quantified by lesion burden, 
physical function, cognitive function and fatigue. Whilst 
physical function showed modest trends and cognitive 
function and fatigue did not correlate with metabolic 
changes, lesion burden was found to relate to metabolism. 

Figure 3.  Interpolated metabolic maps of 2H-Glx/2H-Water in two healthy control participants (lesion volume = 0.1 and 0.7 mL, 
number of lesions = 4 and 12), two MS patients with low severity (EDSS = 0, lesion volume = 2 and 0.18 mL, number of lesions = 21 
and 5) and two MS patients with high severity (EDSS = 4.5, 6.5, lesion volume = 24 and 5.26 mL, number of lesions = 31 and 26). 
Spectra extracted from all voxels within the white matter using SLAM is shown with the Glx peak highlighted.
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Whilst EDSS, lesion burden and physical performance are 
all closely related,46,47 each measurement reflects a differ-
ent domain of disability that may reflect different patients’ 
experiences. Lesion burden showed an inverse relation 
with both 2H-Glc/2H-Water and 2H-Glx/2H-Water in the 
WM, where both hypometabolism and impaired oxidative 
metabolism was observed with increasing lesion burden. 
Whilst, physical function showed trends of relation to 
WM oxidative metabolism, cognitive function did not 
show any relation, potentially owing to the limited sensi-
tivity of DMI.

An interesting observation is the diverging between the 
correlations of EDSS to metabolism and lesion burden. 
Whilst lesion burden showed both decreased overall 
2H-Glucose levels (measured as 2H-Glc/2H-Water) and 
impaired oxidative metabolism (measured with 2H-Glx/2H-
Water), 2H-Glucose levels were relatively unchanged 
across disease scales. This potentially reflects the different 
measurements made with lesion load and EDSS score, one 
reflecting structural damage to the brain, and likely local 
perfusion loss, the other clinically derived from patient 
symptoms. Hypometabolism because of MS has previ-
ously been shown to occur using FDG-PET, where whole 
brain and lesion specific decreases in glucose uptake was 
seen.16,17 Whilst we could not individually segment lesions, 
the WM based changes we observe support this.

The measurement of 2H-Glc levels remaining the same 
with disease severity but with impaired oxidative metabo-
lism reflects the potential utility of DMI. Whilst 2H-Glc/2H-
Water reflect blood glucose levels within brain, and act as 
a marker of overall delivery, 2H-Glx/2H-Water offers a 
more sensitive measure of cellular change which may be 

Figure 4.  Relationship between metabolism and lesion burden: (a) decreased glucose metabolism and (b) oxidative metabolism 
correlated with increasing lesion volume in the white matter. As an alternative measure of lesion burden, the total number of 
lesions was investigated which also correlated with decreases in (c) glucose metabolism and (d) oxidative metabolism within the 
white matter.

Figure 5.  Correlation of physical Z-score to 2H-Glx/2H-
Water within the white matter showed trends of increased 
physical performance related to increased oxidative metabolism 
(Pearson r = 0.59, p = 0.12).
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more disease driven. Indeed, unlike FDG-PET, where the 
glucose becomes trapped within the intracellular compart-
ment, 2H-Glc is likely to exist primarily within the blood, 
where any uptake into the cells is metabolised to down-
stream products.

Metabolic dysfunction is a key driver of the pathogen-
esis in MS having a role in the neuroinflammation process 
that subsequently causes neurodegeneration. The primary 
event is the infiltration of immune cells which attack the 
myelin sheath within the WM and leads to a cascading 
effect. As a result of demyelination, redistribution of ion 
channels48 must occur which increases the ATP demand,49 
subsequently leading to an increased density of functional 
mitochondria within the area of demyelination.50 However, 
because of activated microglial generating reactive oxygen 
species51 and the products of inflammation,52 mitochon-
drial function becomes impaired,53,54 further impairing 
axonal function. In parallel, oligodendrocytes, playing a 
vital role in maintaining myelin integrity, typically already 
operating under aerobic glycolysis and continue to shift 
towards greater glycolytic metabolism for survival in the 
presence of inflammation.55,56 The combined effects of this 
widespread energy failure are shown in and push the sys-
tem to a metabolic shift where activated immune cells opt 
for aerobic glycolysis57,58 to compensate for the changes. 
As the disease progresses, increased impairment of metab-
olism occurs with a greater energy crisis and impairment 
of the normal functioning of axons and astrocytes.

Whilst downstream metabolic dysfunction has been 
demonstrated previously, it has mostly been limited to cel-
lular and pre-clinical studies due to a lack of methodology 
to explore in vivo human based changes. Our measure-
ments using DMI offer proof of concept of the imaging 
tool to be used to measure pathological changes and could 
offer a new method to better understand and monitor dis-
ease progression. Whilst we did not directly observe 
increased aerobic glycolysis through 2H-Lactate changes, 
we observed a significant decrease in 2H-Glx within the 
WM as EDSS score increased and lesion burden increased. 
This observed decrease in WM 2H-Glx production is a 
result of the mitochondrial dysfunction that drives axonal 
degeneration, that is, greater as the disease progresses. As 
neurodegeneration occurs, owing to the failure of mito-
chondria in the WM to provide energy to the demyelinated 
axons, the axonal TCA cycle falters thereby resulting in a 
reduced metabolic conversion of glucose via OXPHOS 
into the TCA cycle to form 2H-Glx. In addition to meta-
bolic changes, axonal degeneration and loss may also play 
a role in the decrease of oxidative metabolic measurement 
with overall metabolic conversion decreased as the disease 
progresses. Furthermore, the fact that 2H-Glc/2H-Water 
levels remain the same across EDSS severity scales sug-
gest that this change is not a delivery issue but instead in 
relation to local pathological changes.

Whilst the detection of GM is impacted by the low reso-
lution and high voxel size of DMI, we observed a differing 
relationship between then WM and GM between cohorts, 
that changed with MS severity. Whilst in the HC, the levels 
of 2H-Glx/2H-Water were not significantly different 
between WM and GM, in MS the difference of oxidative 
metabolism differed significantly, with the difference 
growing as EDSS severity increased. Previous metabolic 
imaging studies59 have shown that GM and WM exhibit 
different metabolic fluxes, with increased perfusion and 
downstream metabolism occurring with the GM. In com-
parison, our results suggest that we cannot distinguish 
between the cerebral metabolism using DMI at clinical 
field strength. This in part may be due to the low resolution 
and large voxel sizes of our acquisition scheme compared 
to other high field strength DMI studies but also may be 
due to the dynamics of the DMI scan, where a single time-
point offering a more steady state measure of metabolism.60 
Nonetheless, the observation of differences between the 
WM and GM in downstream metabolism, that increases 
with severity is likely to be due to cellular damage in the 
WM. In our MS cohort, the majority of lesions were 
located in the WM, suggesting that metabolic change as a 
result of structural damage is most likely to occur within 
this tissue.

Measurement of downstream metabolic changes within 
MS has predominately relied upon conventional proton 
MR spectroscopy (1H-MRS), where increased levels of 
Glx has been seen within the NAWM and MS lesions15 and 
decreases seen in grey matter regions.14 Our measurements 
offer a unique perspective of metabolism within the brain 
providing measurement of downstream metabolism, where 
changes in 2H-Glx reflect OXPHOS activity instead of 
pool sizes61 providing a more direct insight into metabolic 
activity rather than that of the tightly regulated metabolic 
pool sizes. More recently, aerobic glycolysis was esti-
mated using a combined FDG-PET and ASL measurement 
where increased levels were seen in WM reflecting the 
results seen in our measurements.58

DMI offers a novel form of imaging that can offer a 
unique perspective of metabolic changes with relatively 
low technological cost compared to methods such as 
FDG–PET, which present both a radiation burden to the 
subject and require additional scanning equipment. This 
study was the first to apply DMI to MS, demonstrating the 
potential utility this developing technology could have for 
measuring metabolic alterations because of neurological 
disease. This study applied an imaging scheme that has 
been used previously to show changes in Alzheimer’s 
Disease, however, to enhance the extraction of localised 
information we utilised an improved post-processing 
reconstruction through tMPPCA denoising25,26 and a 
Spectroscopy with Linear Algebraic Modelling (SLAM) 
reconstruction algorithm. In doing so we improved SNR to 



Khan et al.	 9

extract useable metabolic values as well as to better dif-
ferentiate tissue metabolism with the limited spatial reso-
lution. Whilst we used 3D MRSI for our measurements, 
the large voxel size makes it difficult to accurately meas-
ure cerebral tissue contributions due to overlapping signals 
in voxels; SLAM is an extensively validated MRS tech-
nique62,63 that has been applied to multiple nuclei for shap-
ing, post hoc, the reconstructed spectral response function 
of spectral data from MRSI acquisitions into more analyti-
cally meaningful compartments. It essentially functions by 
using a higher-resolution (proton) image reference to 
divide spectra into n compartments which, subject to ana-
lytic constraints, can be mixed within each voxel in pro-
portions determined by anatomical segmentation, as long 
as their overall spatial extent is comparable to multiple 
original MRSI voxels. SLAM therefore permits an accu-
rate assessment of white matter versus grey matter in the 
brain (e.g. in proton MRS with comparable spatial resolu-
tion to our DMI acquisition35).35,64,65 However, whilst this 
offers improved accuracy, partial volume effects still exist 
and our simulations of the improved SRF of the technique 
demonstrated that small tissue compartments, such as the 
CSF and lesions were not able to be accurately measured.

This pilot study had several limitations. Firstly, it is 
important to note the small sample size that limits the 
impact and generalisability of the findings. Whilst signifi-
cant correlations were seen, both whole population com-
parisons and severity grouped comparisons lacked 
significant statistical power and a larger longitudinal cohort 
is needed to validate and confirm these results. This small 
MS population were all RRMS measured at one time 
point, with a limited range of severity (EDSS 0–6.5) and 
so we could not correlate changes to impairment of 
metabolism with progression or change of disease. 
Secondly, the study was limited by the inherent technical 
limitations of DMI at clinical field strength. The low 
gyromagnetic ratio limits the sensitivity of the technique 
and the spatial resolution able to be achieved. Whilst 
denoising and applying SLAM analysis enhance apparent 
SNR, the intrinsic challenge of DMI meant that individual 
lesions could not be evaluated and CSF levels could not 
be measured and instead the brain tissue compartments 
such as white matter and grey matter. Alternative methods 
to improve SNR such as improvements to hardware and 
acquisition (e.g. improved coil design66 or balanced steady 
state free precession acquisition67) or reconstruction (e.g. 
further denoising strategies68) may offer further improve-
ments to yield higher resolution images. Furthermore, our 
measurements use 2H-Glc and 2H-Water, both of which 
have overlapping spectral peaks that mean both metrics 
may contribute to each other’s measurements. The metab-
olites were not corrected for T1 values, which makes abso-
lute quantification difficult and requires further work to 
obtain correct T1 values at 3 T. In addition, the low signal 
strength of 2H-Lactate and overlapping lipid peak means 

that any changes are difficult to measure, limiting our 
ability to measure small changes in aerobic glycolysis. 
As a result, increases in aerobic glycolysis due to MS 
progression were measured through changes in OXPHOS 
through 2H-Glx as opposed to direct 2H-Lac measure-
ment. Alternative techniques such as hyperpolarised 
[1-13C] pyruvate could offer improved resolution and 
greater sensitivity aerobic glycolysis changes to further 
enhance the information obtained from metabolic 
changes in MS.69 Finally, whilst this study has acted as a 
proof of concept for DMI’s capability to measure MS 
related downstream metabolic changes, it has not dem-
onstrated improved capability compared to conventional 
methods, and therefore larger clinical imaging studies 
are warranted.

In summary, we have shown altered glucose metabo-
lism in MS using DMI at clinical field strength offering a 
potential tool to probe the development of the disease. 
Through this we have shown an impairment of oxidative 
metabolism as disease severity increases suggesting the 
metabolic disruption increases as neurodegeneration pro-
gresses. These findings demonstrate the potential utility 
DMI may offer and supports further larger studies to vali-
date these findings and demonstrate use as a tool to moni-
tor MS progression.
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