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Abstract 

Cerebral energy deficiency is increasingly recognised as an important feature of multiple 

sclerosis (MS). Until now, we have lacked non-invasive imaging methods to quantify energy 

utilisation and mitochondrial function in the human brain. Here, we used novel dual-calibrated 

functional magnetic resonance imaging (dc-fMRI) to map grey-matter (GM) deoxy-

haemoglobin sensitive cerebral blood volume (CBVdHb), cerebral blood flow (CBF), oxygen 

extraction fraction (OEF), and cerebral metabolic rate of oxygen consumption (CMRO2) in 

patients with MS (PwMS) and age/sex matched controls. By integrating a flow-diffusion model 

of oxygen transport, we evaluated the effective oxygen diffusivity of the capillary network 

(DC) and the partial pressure of oxygen at the mitochondria (PmO2). Significant between-group 

differences were observed as decreased CBF (p= 0.010), CMRO2 (p< 0.001) and DC (p= 0.002), 

and increased PmO2 (p= 0.043) in patients compared to controls. No significant differences 

were observed for CBVdHb (p= 0.389), OEF (p= 0.358), or GM volume (p= 0.302). Regional 

analysis showed widespread reductions in CMRO2 and DC for PwMS. Our findings may be 

indicative of reduced oxygen demand or utilisation in the MS brain and mitochondrial 

dysfunction. Our results suggest changes in brain physiology may precede MRI-detectable GM 

loss and may contribute to disease progression and neurodegeneration.   
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Introduction 

Altered blood supply and energy metabolism are pervasive features of multiple 

sclerosis (MS) 1, 2. A reduction in cerebral blood flow (CBF) is thought to precede lesion formation 3, 

and can occur in the absence of significant tissue volume loss 4. Changes in cerebrovascular 

reactivity (CVR) occur in MS, correlating with the degree of tissue damage 5-7. In parallel with 

changes in brain energy supply, indexed by CBF, reductions in brain energy consumption have 

been detected using 2-[18F]FDG  and 15O-PET 8-11 and related to cognitive dysfunction in MS 

12. This evidence suggests a malfunction of the neurovascular unit that reflects an altered 

capacity for energy utilisation in the MS brain, in addition to a hypoxic-like tissue state, that 

may be linked to inflammation and chronically may lead to further tissue damage 13-17 and 

disability 2, 18. The relationship between altered brain blood flow and oxygen consumption in 

MS, however, remains to be elucidated. Additional information is required to identify whether 

reduced vascular function may be limiting energy consumption or if reduced vascular 

performance is secondary to reduced energy demand or the ability of the tissue to access and 

use metabolic substrates.  

Studies mapping the effects of MS inflammation on brain energy consumption in 

humans have so far been limited to PET. However, the development of novel multi-parametric 

MRI methods that map relevant physiological parameters across the cortex can provide insight 

into the disease processes that contribute to tissue damage and disability. Dual-calibrated fMRI 

(dc-fMRI) methods 19-22 have demonstrated their ability to quantitatively map grey matter 

(GM) deoxyhemoglobin sensitive cerebral blood volume (CBVdHb), cerebral blood flow 

(CBF), oxygen extraction fraction (OEF) and cerebral metabolic rate of oxygen consumption 

(CMRO2) 
23-26 in both healthy and clinical cohorts 27 and with pharmacological intervention 28. 

In this study, using dc-fMRI, we quantify and map cerebral grey matter (GM) vascular 

and O2 metabolic function in patients with relapsing-remitting MS (PwMS) and in healthy 
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controls, under the hypothesis of a generalised dysregulation in GM physiology in the patients. 

We also investigate the relationship between measures of oxygen metabolic function and 

metrics of damage and disability, expecting a relationship between brain physiology and 

structural and clinical measures. Furthermore, by integrating a flow-diffusion model of oxygen 

transport, we evaluate the effective oxygen diffusivity of the capillary network (DC) and the 

partial pressure of oxygen at the mitochondria (PmO2). This could provide a critical advance 

in our understanding of the contribution of hypoxia in MS pathophysiology and its association 

with altered energy utilisation and mitochondrial dysfunction. This non-invasive MRI study 

aims to improve our understanding of the pathophysiological mechanisms of tissue dysfunction 

and damage in relapsing-remitting multiple sclerosis.  
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Materials and Methods 

Participants 

We recruited PwMS (n=22) and age and sex matched healthy controls (n=20) of mixed 

handedness. All patients (age range: 27-45 years) were recruited at the University Hospital of 

Wales in Cardiff, UK. All PwMS had a diagnosis of MS 29 with a relapsing-remitting course 

30. Eligibility criteria for PwMS included no change in medication and no relapse or steroid 

treatment in the 3 months prior to study entry. Participants had no history (within the preceding 

2 years) of, or were being treated for, any significant cardiac or respiratory disease, and were 

not regular smokers in the preceding 6 months. Data collection was conducted at Cardiff 

University Brain Research Imaging Centre (CUBRIC, Cardiff University).  

 

Data collection 

Clinical data and behavioural assessments 

Participants completed a socio-demographic and lifestyle questionnaire. Tests from the MS 

Functional Composite 31 were carried out on all participants: 9-Hole Peg Test (9-HPT) for 

upper limb function, Timed 25-Foot Walk (T25-FW) for leg function/ambulation, the Paced 

Auditory Serial Addition Test (PASAT) 2 and 3 seconds as a measure of cognitive function. 

The Symbol Digit Modalities Test (SDMT) was also used to assess cognitive function 32. 

Visual acuity was assessed, in each eye separately, with a SLOAN letter chart (Precision 

Vision) at 100% contrast and scored in two ways: (1) the smallest letter size (in M-units) at 

which 3 out of 5 letters were correctly read, and (2) a cumulative score of total letters read, out 

of 60. Participants were tested with corrected vision. For patients only, disability and disease 

impact were assessed with the Multiple Sclerosis Impact Scale (MSIS-29) 33 and the Fatigue 

Scale for Motor and Cognitive Functions (FSMC) 34. Clinical records and a short interview on 
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disease history and impact gave information on: disease onset, relapse history, and Expanded 

Disability Status Scale (EDSS) score 35. 

 

MRI acquisitions 

All MRI data were acquired on Siemens Prisma 3T MRI scanner (Siemens Healthineers, 

Erlangen, Germany), using a 32-channel receive-only head coil.  

 

Structural scans 

A magnetisation-prepared rapid acquisition with gradient echo (MPRAGE) T1-weighted scan 

was used for registration and brain segmentation purposes (matrix 165 x 203 x 197, 1 mm 

isotropic resolution, TR/TE = 2100/3.24 ms). A 3D T2-weighted Fluid Attenuated Inversion 

Recovery (FLAIR) image (1 mm isotropic resolution, 256 slices, TR/TE = 5000/388 ms) and 

T2/Proton Density dual-echo image (in-plane resolution 0.8 x 0.8 mm, 41 slices, 3.9 mm thick, 

TR/TE1/TE2= 4050/11/90 ms) were acquired for lesion identification and contouring.  

 

Quantitative functional scans 

In order to map the O2 consumption and the cerebrovascular function across the GM with dc-

fMRI, CBF and BOLD signals were concurrently acquired  using a home-written dual-

excitation 36 PCASL-based acquisition sequence with background suppression and pre-

saturation 19, 37 that acquires CBF and BOLD signals together to map changes in O2 

consumption and cerebrovascular function across the GM. Scan parameters were: TE1 = 10 

ms, TE2 = 30 ms, TR = 4400 ms, in-plane resolution 3.4 x 3.4 mm, 16 slices with 7 mm 

thickness and 20% slice gap, GRAPPA acceleration factor 3 (Figure 1). The acquisition time 

for the PCASL sequence was 18 minutes, during which interleaved periods of hypercapnic and 

hyperoxic gas mixtures were delivered to participants using a facemask 19, 26. Hypercapnic 
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periods involved delivering 5% carbon dioxide (CO2), whereas, for hyperoxia, 50% O2 was 

delivered, with short periods of 100% O2 at the start and 10% O2 at the end in order to accelerate 

the transitions to the hyperoxic state and back to normoxia. Physiological monitoring was 

conducted through measurement of the heart rate (HR) and peripheral O2 (%) saturation 

(Medrad, Pittsburgh, PA). Partial pressures of end-tidal O2 (PETO2) and CO2 (PETCO2) were 

measured from expired gases sampled from the participant’s facemask using an AD 

Instruments gas analyser and data sampling system (PowerLab®, ADInstruments, Sydney, 

Australia). A blood sample was drawn within the hour before the start of the MRI scan via a 

finger prick with a 1.8 mm lancet and analysed with the HemoCue® Hb 301+ system in 

accordance with the manufacturer’s guidelines (Hemo Ängelholm, Sweden). This gave a 

reading of blood haemoglobin concentration ([Hb]) in grams per litre (g/L) for use in the 

calculation of OEF.  

 

Data analysis 

We performed lesion filling in PwMS to permit accurate GM identification through tissue 

segmentation and thus extract cerebral physiological parameters representative of the GM. We 

restricted our analysis of functional data to voxels containing mainly GM in order to limit the 

effect of any potential GM loss in the PwMS. A biophysical model was applied to the BOLD-

ASL signals to estimate voxel-wise physiological parameters in the GM. We conducted a 

region-wise analysis of physiological parameters to further reduce sensitivity to GM partial 

volume errors associated with tissue loss and to enhance sensitivity through regional averaging. 

All MRI data were pre-processed and analysed using an in-house written MATLAB (R2015a) 

pipeline and FSL 38. Segmentation of GM and WM was performed with a combination of FSL-

FAST 39 and FSL-FIRST 40 for subcortical structures (see below). Registrations were carried 

out with FSL-FLIRT 41 and non-brain removal with BET 42.  
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Lesion filling 

T2, PD and FLAIR images were brain extracted. The T2-FLAIR image was transformed to the 

same space as T2-PD image. All three image contrasts were used to locate the lesions. Using 

JIM (Version 6.0), lesions were defined manually on the T2-PD images using the contour ROI 

tool, without 3D propagation. This lesion map was exported as a NIFTI file, with a pixel area 

threshold of 50% and a total lesion volume was calculated for each PwMS. For the lesion filling 

of the T1 weighted image, the PD image was registered to the T1 image, and the lesion map 

was binarised and transformed to T1-space. The lesion map was thresholded at 0.4 to 

approximately preserve the size of the original lesion map after transformation and to allow a 

small amount of inflation, in case of registration errors. This map was then binarised. The 

function lesion_filling 43 was used: this fills the lesion area with intensities similar to those of 

the non-lesion neighbourhood 44. 

 

GM and WM volumes 

Using the lesion-filled T1 image, FSL-FAST was run. Segmentation was used to investigate 

differences in GM and WM volume between groups. GM, WM and CSF partial volume 

estimates (PVE) were created through FAST (FSL tool) segmentation of the T1-weighted 

image. A probability threshold of 0.5 was used to identify GM and WM voxels for each 

participant. To account for different head sizes when calculating differences in GM and WM 

volume, we normalised these measures to intracranial volume (ICV). ICV was calculated with 

the use of FSL (http://fsl.fmrib.ox.ac.uk) following the ENIGMA protocol 

(https://enigma.ini.usc.edu/protocols/imaging-protocols/protocol-for-brain-and-intracranial-

volumes/) 45. ENIGMA is an atlas-based estimation procedure where: i) the subject structural 

image is linearly aligned to MNI152 standard space; ii) ICV is calculated by multiplying the 

https://enigma.ini.usc.edu/protocols/imaging-protocols/protocol-for-brain-and-intracranial-volumes/
https://enigma.ini.usc.edu/protocols/imaging-protocols/protocol-for-brain-and-intracranial-volumes/
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inverse of the determinant of the affine matrix by the size of the template (MNI152) brain. 

Overall, this analysis allowed us to assess whether possible GM volume differences are 

associated with differences in vascular and metabolic function in the PwMS compared to the 

controls. 

 

dc-fMRI modelling 

Analysis of the dc-fMRI data was conducted using a Frequency-domain Machine Learning 

(FML) method 24. The method takes advantage of the speed and noise resilience of artificial 

neural networks to make rapid and robust parameter estimates without the need to apply spatial 

smoothing. Once the FML pipeline had been run for each participant, the output maps (CBVdHb 

ml/100 g, CBF ml/100 g/min, OEF, CMRO2 μmol/100 g/min) were analysed in each subject’s 

dc-fMRI space. Functional data (TE1, first echo) was registered to the structural T1-weighted 

image using FSL’s epi-reg tool. Using the inverse of this matrix, the T1-image and the GM-

PVE image were transformed to functional space. The GM-PVE image (thresholded at 0.5) 

was binarised and used as a GM mask for calculating whole-GM and regional-GM parameter 

estimates from the FML output maps (median values). To reduce the effect of GM loss that 

may bias the cerebral physiological parameters, we performed the analysis restricting our 

estimate of physiological parameters to voxels which contain a majority of GM. We applied 

two different pipelines to achieve good segmentation of cortical and subcortical structures. We 

used FAST to define cortical GM (PVE>0.5) and intersected it with the automated anatomical 

labelling (AAL) atlas to identify cortical regions. For subcortical regions we instead used 

FIRST 40 to provide accurate segmentation of those structures (PVE>0.5). From here, statistical 

analysis was run to identify group differences in CBF, OEF and CMRO2. DC 

(μmol/100g/mmHg/min) was calculated using GM median values of OEF and CMRO2, using 

a flow-diffusion model of oxygen transport with the procedure presented in Germuska (2019) 
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25. PmO2 (mmHg) was obtained by further expanding the diffusion modelling and assuming an 

effective tissue permeability to oxygen of k=3 μmol/mmHg/ml/min and the ratio of CBVdHB 

and capillary blood volume of ρ=2 46. PmO2 was estimated implementing a grid search 

approach with a large search range (-200-200 mmHg, negative values were allowed to avoid 

bias). 

 

Regional analysis 

In addition to the global GM analysis we also applied the two different cortical and subcortical 

segmentation pipelines to the regional analysis (see above for further details). Registration 

matrices were defined between dc-fMRI space and MNI space, using FSL’s FLIRT (linear) 

function. Registration between native and standard space involved registering the T1 structural 

image to MNI space using a standard template. The inverse of this matrix for each participant 

was used to transform the AAL atlas to native dc-fMRI space 47, where vascular/metabolic 

parameters were extracted for each cortical region. Due to the limited number of slices in our 

dc-fMRI acquisition, it was not possible to include the cerebellum in the analysis. We also 

excluded Heschl’s gyrus (L & R), and the superior temporal (L & R) regions, due to low BOLD 

signal in the raw data around the sinuses. This left 74 cortical regions of interest. Subcortical 

regions segmented included bilateral Thalamus, Caudate, Putamen, Pallidum, Hippocampus, 

Amygdala, Accumbens and brain stem. Median values for each parameter (CBVdHb, CBF, 

OEF, and CMRO2) were extracted from each region. Regional DC values were calculated using 

the median values for regional OEF and CMRO2 
25. Due to the high level of noise in the PmO2 

measurement, regional analysis was not possible, and instead we report this measurement as a 

global GM marker. 

 

Partial volume estimate analysis 
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To assess whether differences in the physiological parameters vary with the proportion of GM 

present in the voxels, we ran a partial volume estimate (PVE) analysis. Binarised masks were 

created from the GM PVE in individual subject functional space for different GM PVE ranges 

(7 bins of equal width from 0.1-0.8).  Within each mask for each parameter (CBF, OEF and 

CMRO2), median values were calculated. DC was calculated using median values of OEF and 

CMRO2 in each GM PVE range. 

 

Statistical analysis  

Demographic and clinical data: Independent sample t-tests were run between groups for each 

of the demographic, cognitive and behavioural measures. For demographics including sex, a 

chi squared (X2) test was run. Grey matter / White matter volumes: between-group differences 

in global normalised WM and GM volumes were investigated using independent samples t-

tests. Grey matter dc-fMRI analysis: From here, independent samples t-tests were used to test 

for differences between patients and controls in CBVdHb, CBF, OEF, CMRO2, DC and PmO2, 

for both cortical and subcortical GM. We included CSF volume estimates as a covariate. 

Regional analysis: statistical analysis involved running t-tests between patients and controls 

for each region (FDR corrected) using custom R and Python scripts. Partial volume estimate 

analysis: a mixed ANOVA was run to look at main effects (GM PVE bin; Group) and 

interaction effects (GM PVE bin*Group). Grey and white matter volumes: t-tests were carried 

out to investigate between-group differences in global WM and GM volumes. We used 

correlation analysis to test the relationship between brain physiological parameters and levels 

of disability. Shapiro-Wilks test was used to assess normality of the data. All p-values reported 

are 2-tailed. R version 3.6.1. was used for all statistical analyses (http://www.rstudio.com/). 

 

https://eur03.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.rstudio.com%2F&data=02%7C01%7CChandlerHL1%40cardiff.ac.uk%7Ccf4566a675b74db41d8008d7f66a24ff%7Cbdb74b3095684856bdbf06759778fcbc%7C1%7C0%7C637248808051990960&sdata=w%2BHNy1mCWM44ApmNcsLLN%2FrE%2FoUWV8GhL0KrgETo9OU%3D&reserved=0
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Standard Protocol Approvals, Registrations, and Patient Consents 

Written informed consent was obtained from all PwMS and healthy volunteers. The study was 

approved by the NHS Research Ethics Committee, Wales, UK and Cardiff University’s Ethics 

Committee, School of Psychology, Cardiff, UK, in accordance with the Declaration of 

Helsinki.  
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Results  

Clinical, demographic and tissue volume characteristics 

Demographic and clinical characteristics of the two cohorts are shown in Table 1. Significant 

between-group differences were seen only for the T25-FW (p=0.006). There was no significant 

difference in GM normalised volume (t(40)=0.76; p=0.454), but patients showed a 

significantly lower WM normalised volume compared to controls (t(40)=3.56; p<0.001) 

(Table 1). There was no significant difference in blood haemoglobin content (g/L) between 

patients (135.7 ± 3.29 g/L) and controls (136.5 ± 2.83 g/L) [t(40) = 0.19, p= 0.849]. 

 

Between group differences in GM physiology 

Patients had significantly lower global cortical GM CBF [PwMS vs. controls: 43.9 ± 6.1 vs. 

48.9 ± 5.9 ml/100g/min, t(40) = 2.70, p= 0.010] and global cortical GM CMRO2 [PwMS vs. 

controls: 117.7 ± 17.3 vs. 136.5 ± 14.5 μmol/100g/min, t(40) = 3.80, p <0.001] compared to 

controls (Figure 2). There was no significant group difference in global cortical GM CBVdHb 

[PwMS vs. controls: 4.20 ± 1.29 ml/100g vs. 4.391 ± 1.99 ml/100g, t(40)=0.35, p= 0.389] and 

global cortical GM OEF [PwMS vs. controls: 0.38 ± 0.09 vs. 0.39 ± 0.02, t(40) = 0.93, p= 

0.358] (Figure 2). When integrating the results with the model of oxygen transport, patients 

had significantly lower global cortical GM DC [PwMS vs. controls: 2.70 ± 0.51 vs. 3.18 ± 0.41 

μmol/100g/mmHg/min, t(40) = 3.32, p= 0.002] and higher global cortical PmO2 [PwMS vs. 

controls: 9.31 ±14.2 mmHg vs. 1.03 ± 11.24 mmHg, t(40) = 2.01, p= 0.043] compared to 

controls (Figure 2). We ran a global subcortical GM analysis to investigate between-groups 

metabolic differences in these structures and did not observe between-groups differences in 

subcortical GM for any of our metabolic parameters (CBF: t(40)=1.52, p=0.137; CMRO2: 

t(40)=1.42, p=0.164; DC: t(40)=1.25, p=0.219; OEF: t(40)=1.34, p=0.189, PmO2: t(40)=-1.45, 

p=.156). Due to possible differences in brain volume between groups and consequent 
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differences in the CSF content of voxels, we included the CSF PVE, measured within the 

voxels classified as GM, as a regressor in our global GM analysis. Our results remained 

consistent, showing significant group differences in CBF, CMRO2 and DC, but no differences 

in OEF. 

Results of the regional analysis revealed significant widespread reductions in both 

CMRO2 and DC in PwMS compared to controls across cortical GM, but no between-group 

differences were observed in subcortical structures (p< 0.05, FDR corrected) (Figure 3, Table 

2). No significant regional group differences were seen for CBVdHb, CBF or OEF (p >.05). 

None of the data violated the assumptions associated with independent samples t-tests. 

 

Relationship between brain physiology and measures of damage and disability  

There was a significant negative correlation between white matter T2 hyperintense lesion 

volume and global cortical GM CBF (R = -0.52, p= 0.014), as well as between white matter T2 

hyperintense lesion volume and global cortical GM CMRO2 (R = -0.48, p = 0.023). There were 

no significant correlations between T2 lesion volume and global OEF and Dc.  

No significant correlations were observed between EDSS scores and global GM 

CBVdHb (R = -0.16, p= 0.492), CBF (R = -0.36, p= 0.103), OEF (R = -0.12, p= 0.606), CMRO2 

(R = -0.06, p= 0.781), DC (R=0.16, p= 0.492), or PmO2 (R = 0.01, p= 0.962). Similarly, no 

significant correlations between regional vascular/metabolic parameters and other measures of 

disability (MSIS, SDMT, PASAT, visual acuity, T25FW) were observed (p> 0.05, FDR 

corrected). 

 

The effect of GM partial volume on physiological parameter estimates  

The partial volume analysis of global GM revealed a significant main effect of PVE bin for all 

parameters CBF, OEF, CMRO2, and DC, broadly indicating an increase in the estimate of each 
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parameter with increasing proportion of GM (Figure 4 and Table 3). We also observed a 

significant main effect of Group for CBF, CMRO2, and DC, but not for OEF, suggesting 

consistently lower values of CBF, CMRO2 and DC across different GM thresholds in PwMS 

compared to controls. Finally, there were no significant interactions PVE bin*Group for any 

of the parameters CBF, OEF, CMRO2 or DC (Table 3), indicating that GM thresholds have 

little influence on detecting physiological differences between PwMS and controls.  

To evaluate whether regional GM volume may have contributed to the regional group 

differences of physiological parameters, we calculated the number of voxels (PVE threshold 

>0.5) in each ROI and compared this value between groups. Results showed no significant 

differences between PwMS and controls in any of the AAL regions (p> 0.05, FDR corrected).  
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Discussion 

This study quantifies cerebral blood flow and oxygen consumption in PwMS using a 

multiparametric MRI method 25, 26. We observed reductions in global CBF, CMRO2, and DC 

and increases in PmO2 within the GM of PwMS compared to matched healthy controls, with 

no between-group difference for global CBVdHb and OEF. Regional analysis confirmed 

statistically significant reductions in GM CMRO2 and DC in a wide set of cortical. Overall, 

these findings suggest vascular and metabolic dysregulation in PwMS. PmO2 increase is 

strongly suggesting mitochondrial energy dysfunction in PwMS. The absence of significant 

differences in GM volume between controls and PwMS, suggests that the described changes 

in tissue physiology may precede significant GM tissue loss in PwMS.  

 

Changes in brain physiology in MS 

The observed reductions in GM CBF and CMRO2 may reflect (i) primary reduction of blood 

supply at the macrovascular level, (ii) microvascular inefficiency in transferring oxygen from 

the capillary to the mitochondria, (iii) reduced demand for nutrients including oxygen, or (iv) 

an inability of the tissue to use metabolic substrates for energy release.  

The first explanation is unlikely, given that Dc is reduced, suggesting that the reduction 

in CMRO2 is associated with local impairment of oxygen diffusion or use at the capillary bed 

rather than with global change in blood supply 2, 48, 49. The primary modulators of the effective 

oxygen diffusivity at the capillary bed (Dc) are capillary density and the mitochondrial oxygen 

tension (PmO2). Our results report normal microvascular CBV and an increase in PmO2. Thus, 

our findings suggest that Dc is reduced in this cohort either due to reduced demand for oxygen, 

or a reduced capacity for oxygen metabolism.  

Histotoxic hypoxia has been identified in MS and referred to as virtual hypoxia 16. 

Altered energy production underlying virtual hypoxia may be due to soluble mediators of 



   

 

   

 

18 

inflammation that impair mitochondrial function 50 or to oxidative damage to mitochondrial 

DNA that may further disrupt mitochondrial activity 51, ultimately leading to tissue 

degeneration 17. Diffuse hypoxia may be a critical pathological mechanism in MS, as the 

hypoxic and inflammatory responses are intimately linked 52: hypoxia exacerbates the 

inflammatory response 53 and inflammation can damage the vascular endothelium, reduce 

vasoreactivity and promote the influx of leucocytes. In acute inflammation, an increased 

metabolic demand from inflammatory cells may also increase oxidative stress and exacerbate 

hypoxia. This cascade of events may chronically lead to further tissue damage and disability.  

Our findings of increased PmO2 in PwMS are consistent with prior research, where 

alterations in mitochondrial function may result from focal lesion-based hypoxic-like injury, 

or ‘virtual hypoxia’16, 54, 55. There are two key perspectives on this. First, inflammation 

associated with NO production and/or defective oxidative phosphorylation can result in 

reduced ATP production, leading to an energy-deficient metabolic crisis and subsequent 

neurodegeneration 16, 50. Second, mitochondrial energy deficiency coupled with an increase in 

local energy demand (due to leaky Na+ channels) results in chronic starving of mitochondria 

and leads to axonal degeneration. Our findings in the human brain show increased PmO2 in the 

presence of reduced CMRO2 and CBF, thus possibly reflecting the inability for metabolic 

substrates to be utilised in the MS brain. However, our findings of intact cognitive ability in 

PwMS, supports the idea that reductions in energy demand and subsequent neurodegeneration 

occur prior to the onset of significant cognitive alterations.  This mechanism may be a key 

target for therapies that aim to prevent further neurodegeneration and downstream cognitive 

decline. 

 Regional analysis confirmed CMRO2 and DC reductions to be widespread across the 

cortex, with the most significant reductions localised around the cingulate and frontal cortices 

56. Typically, MS lesions are localised particularly in periventricular WM, which would 
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significantly affect the tracts connecting key frontal and cingulate regions. The localisation of 

WM damage may make these cortical regions more susceptible to degeneration 17, 57. We did 

not observe any significant regional differences in CBVdHb, CBF or OEF. Earlier studies 

suggest that alterations in OEF may contribute to lower CMRO2 in PwMS 2, 58. While we did 

observe significant reductions in CMRO2 (globally and regionally) in PwMS, we observed only 

a slightly lower OEF, the reduction not being statistically significant. One likely explanation 

for this may be that OEF differences increase with disease duration. Typically, larger OEF 

reductions have been observed in patients with a longer disease duration (e.g.58), whereas 

smaller OEF reductions have been reported in patients with shorter disease durations (e.g. 2 

and our study). We suggest that further research is needed to establish the trajectory of changes 

in OEF across disease duration and its potential impact on metabolic dysfunction. 

We considered the possibility that partial volume differences between the groups might 

bias our results and compared physiological estimates as a function of GM partial volumes. 

We only included a GM partial volume up to 0.8, as there is a limited number of voxels 

exhibiting higher GM partial volume estimates in some anatomical regions. As expected, 

estimated regional values of physiological parameters increased as the proportion of GM 

increased. The CBF, CMRO2, and DC differences between PwMS and controls were robust to 

GM PV variation, suggesting that the observed group differences reflect aspects of tissue 

physiology that are over and above any potential tissue loss. This is an important result because 

it suggests that the alterations in the observed physiological state of tissue in MS are not an 

artefact of altered voxel sampling between the groups but instead the extant GM tissue function 

is altered in MS. 

 

Relationship between brain physiology, damage and disability 



   

 

   

 

20 

Our results demonstrated that a greater T2 lesion volume is associated with lower CBF and 

CMRO2 in GM, consistently with previous findings 2. It has been suggested that higher WM 

lesion burden reflects higher GM lesion load 59-61. However, such a relationship is not clearly 

established 62 and future studies looking at GM physiology in MS could benefit from the 

inclusion of scans more sensitive to GM damage and myelination 63.  

Our data indicated no association between disability scales and tissue physiological 

status. Lack of direct correlations between behavioural and physiological measures may arise 

from the presence of adaptation to underlying tissue dysfunction and damage that modulates 

behavioural performance 64. While adaptation may confound the relationship between 

disability measures and brain physiology, we speculate that tissue physiology may be 

predictive of future tissue damage and behavioural alterations, an avenue that remains to be 

explored.  

 

Potential limitations of the study 

Our results should be considered in the light of the following limitations. Given that our 

calibrated fMRI method relies on arterial spin labelling based measurements of CBF, we are 

only able to reliably estimate physiological parameters in the GM. This limits the comparisons 

we can make with other studies that summarise global oxygen metabolic changes combined 

across GM and WM 2, 18, 48. Regional differences in the significance of CMRO2 and DC 

reductions may arise not only from disease effects, but also from variation in the sensitivity of 

the technique that is dependent on regional within- and between-subject variation of BOLD 

and CBF measurements. The scans that we used to identify lesions are not generally sensitive 

to lesions within GM. Therefore, our reported associations between lesion load and GM 

physiology are limited to WM lesions only. In addition, PmO2 results were found assuming 

parameters related to tissue and vascular topology are fixed. Tissue and vascular remodelling 
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in PwMS might have introduced some bias into the results. Further studies should be performed 

to address this topic. 

 

Conclusions 

Our findings suggest that an oxygen metabolic dysregulation occurs in MS patients, resulting 

in reduced cerebral blood flow and oxygen utilisation. These changes may precede GM tissue 

loss, thereby suggesting potentially promising mechanisms to be targeted in the development 

of neuroprotective interventions. The use of a multi-parametric dc-fMRI approach can provide 

valuable quantitative data regarding altered brain physiology in MS and, with a regional 

approach, may help identify areas of early tissue dysfunction and monitoring their subsequent 

evolution.   
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Table 1. Demographic and clinical characteristics. Values are mean ± SD, unless stated 

otherwise. Group differences were tested with t-tests, except for sex, which was tested 

with chi-squared test. Abbreviations: F= female; M= male; DMTs= disease modifying 

treatments; EDSS= Expanded Disability Status Scale; MSIS= Multiple Sclerosis 

Impact Scale; L=left: R= right; 9HPT= 9 Hole Peg Test; T25FW= Timed 25-foot walk; 

PASAT= Paced Auditory Serial Addition Test; SDMT= Symbol Digit Modality Test. 
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Table 2. Regional analysis. We report the areas in which significant reductions in 

physiological measures were observed in patients compared to controls. Significant 

regional differences were found for CMRO2 and DC. Results are FDR corrected. 

Abbreviations: CMRO2= cerebral metabolic rate of oxygen consumption; DC= 

capillary oxygen diffusivity.



 

 

Table 3. Results of partial volume analysis. Table shows main effect and interaction 

effects between Group (PwMS, controls) and GM PVE bin. Abbreviations: CBF= 

cerebral blood flow, OEF= oxygen extraction fraction, CMRO2= cerebral metabolic 

rate of oxygen consumption; DC= capillary oxygen diffusivity. 
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Figure 1. Graphical representation of the sequence parameters and timings (ms) 

for dc-fMRI dual-excitation sequence. TE1 represents the block of slices acquired for 

ASL weighted signal, whereas TE2 represents the block of slices acquired for BOLD 

weighted signal. Abbreviations: TE = Echo time; PLD =post label delay; pCASL = 

pseudo continuous arterial spin labelling.  
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Figure 2. Physiological parameters in PwMS and in controls. CBVdHb, CBF, OEF, 

CMRO2, DC and PmO2 in patients (red triangles) and in controls (blue circles). Results 

reflect median values in the GM for each participant (PVE threshold of 0.5). There was 

a significant difference between groups in CBF, CMRO2, DC, and PmO2, but not in 

CBVdHb or OEF. Abbreviations: GM= grey matter; CBVdHb = grey-matter deoxy-

haemoglobin sensitive cerebral blood volume; CBF= cerebral blood flow; OEF= 

oxygen extraction fraction, CMRO2= cerebral metabolic rate of oxygen consumption; 

DC= capillary oxygen diffusivity; PmO2 = partial pressure of oxygen at the 

mitochondria. 
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Figure 3. Mean group differences for regional CMRO2 and DC. Maps for mean 

group differences (controls > PwMS) are shown unthresholded (top row) and FDR 

thresholded (p<0.05) (bottom row) for regional CMRO2 (μmol/100g/min) and DC 

(μmol/100g/mmHg/min). Differences between groups are reported by a colour-coded 

scale: warm colours indicate regions where controls have greater values than patients; 

cold colours indicate regions where patients have greater values than controls. 

Reductions in CMRO2 and DC appear to be widespread in patients. Abbreviations: 

PwMS= patients with MS; CMRO2= cerebral metabolic rate of oxygen consumption; 

DC= capillary oxygen diffusivity. 
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Figure 4. Partial volume analysis for physiological parameters. Mean values of 

physiological parameters (CBF, OEF, CMRO2, and DC) across different PV bins for 

PwMS (red triangles) and controls (blue circles). Bars represent 95% confidence 

intervals. There was a significant main effect of PVE bin for all parameters, indicating 

an increase in the estimate of each parameter with increasing proportion of GM. There 

was also a significant main effect of Group for CBF, CMRO2 and DC, but not for OEF, 

suggesting consistently lower values of CBF, CMRO2 and DC across different GM 

thresholds in PwMS compared to controls. Finally, there were no significant 

interactions PVE bin*Group for any of the parameters, indicating that GM thresholds 

have little influence on detecting physiological differences between PwMS and 

controls. For indication of p values, please, see the Results. Abbreviations: CBF= 

cerebral blood flow; OEF= oxygen extraction fraction; CMRO2= cerebral metabolic 

rate of oxygen consumption; DC= capillary oxygen diffusivity.  

 

 

 


