
Using dual-calibrated functional MRI to map brain oxygen supply and 

consumption in multiple sclerosis 

Hannah L Chandler*1, Rachael C Stickland*2, Michael Germuska1, Eleonora 

Patitucci1, Catherine Foster3, Shona Bhome-Dhaliwal4, Thomas M Lancaster1,5, 

Neeraj Saxena1,6, Sharmila Khot1, Valentina Tomassini** 7,8,9,10, Richard G Wise**1,7 

 

1 CUBRIC, School of Psychology, Cardiff University, Cardiff, United Kingdom;  
2 Department of Physical Therapy and Human Movement Sciences, Northwestern 

University, Chicago, IL, USA;  
3 Wales Institute of Social and Economic Research and Data, Cardiff University, 

Cardiff. 
4 Cardiff University School of Medicine, Cardiff;  
5 Department of Psychology, University of Bath, Bath, UK;  
6Department of Anaesthetics, Intensive Care and Pain Medicine, Cwm Taf 

Morgannwg, University Health Board, Abercynon, UK;  
7 Institute for Advanced Biomedical Technologies, Department of Neuroscience, 

Imaging and Clinical Sciences, University G. d'Annunzio of Chieti-Pescara, Chieti, 

Italy;  
8 MS Centre, Neurology Unit, “SS. Annunziata” University Hospital, Chieti, Italy;  
9 Division of Psychological Medicine and Clinical Neurosciences, School of Medicine, 

Cardiff University, Cardiff, UK; 

10Helen Durham Centre for Neuroinflammation, University Hospital of Wales, Cardiff, 

UK;  

 

* Equal contribution (first author), ** Equal contribution (senior author) 

 

Keywords: MS, damage, disability, dual-calibrated functional MRI, oxygen, perfusion 

 

Corresponding author 

Professor Richard Wise 

Institute for Advanced Biomedical Technologies (ITAB), 

Department of Neuroscience, Imaging and Clinical Sciences,  

University G. D'Annunzio of Chieti-Pescara, Chieti, Italy  

Email: richard.wise@unich.it  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 8, 2021. ; https://doi.org/10.1101/2021.01.07.425819doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.07.425819


  
 

  
 

2 

Abstract 

Evidence suggests that cerebrovascular function and oxygen consumption are 

altered in multiple sclerosis (MS). Here, we quantified the vascular and oxygen 

metabolic MRI burden in patients with MS (PwMS) and assessed the relationship 

between these MRI measures of and metrics of damage and disability. In PwMS and 

in matched healthy volunteers, we applied a newly developed dual-calibrated fMRI 

method of acquisition and analysis to map grey matter (GM) cerebral blood flow 

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

consumption (CMRO2) and effective oxygen diffusivity of the capillary network (DC). 

We also quantified physical and cognitive function in PwMS and controls. There was 

no significant difference in GM volume between 22 PwMS and 20 healthy controls 

(p=0.302). Significant differences in CBF (PwMS vs. controls: 44.91 ± 6.10 vs. 48.90 

± 5.87 ml/100g/min, p=0.010), CMRO2 (117.69 ± 17.31 vs. 136.49 ± 14.48 

μmol/100g/min p<0.001) and DC (2.70 ± 0.51 vs. 3.18 ± 0.41 μmol/100g/mmHg/min, 

p=0.002) were observed in the PwMS. No significant between-group differences 

were observed for OEF (PwMS vs. controls: 0.38 ± 0.09 vs. 0.39 ± 0.02, p=0.358). 

Regional analysis showed widespread reductions in CMRO2 and DC for PwMS 

compared to healthy volunteers. There was a significant correlation between 

physiological measures and T2 lesion volume, but no association with current clinical 

disability. Our findings demonstrate concurrent reductions in oxygen supply and 

consumption in the absence of an alteration in oxygen extraction that may be 

indicative of a reduced demand for oxygen (O2), an impaired transfer of O2 from 

capillaries to mitochondria, and/or a reduced ability to utilise O2 that is available at 

the mitochondria. With no between-group differences in GM volume, our results 

suggest that changes in brain physiology may precede MRI-detectable GM loss and 

thus may be one of the pathological drivers of neurodegeneration and disease 

progression.  
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Introduction 

Evidence suggests that brain physiology is altered in multiple sclerosis (MS) (Paling, 

Golay, Wheeler-Kingshott, Kapoor, & Miller, 2011), where reductions in cerebral 

perfusion precede lesion formation (Wuerfel et al., 2004) and can occur in the 

absence of significant tissue volume loss (Debernard et al., 2014). Consistently, 

changes in cerebrovascular reactivity (CVR) occur in MS, correlating with the degree 

of damage (Marshall, Chawla, Lu, Pape, & Ge, 2016; Marshall et al., 2014). In 

parallel with changes in brain energy supply, reductions in brain energy consumption 

have been detected using [18F] FDG and [15O] PET (Paulesu et al., 1996), (Brooks et 

al., 1984; Sun, Tanaka, Kondo, Hirai, & Ishihara, 1994; Sun, Tanaka, Kondo, 

Okamoto, & Hirai, 1998). These changes overall suggest a neurovascular unit 

malfunction that accompanies an altered capacity for energy utilisation in the MS 

brain. They also suggest that patients with MS may experience hypoxic-like tissue 

states that are linked to inflammatory processes and involve a cascade of events that 

may chronically lead to further tissue damage (Davies et al., 2013; Haider et al., 

2016; Law et al., 2004; Trapp & Stys, 2009; Yang & Dunn, 2015) and disability (Ge et 

al., 2012) (West et al., 2020). The relationship between altered brain oxygen supply 

and consumption in MS, however, remains to be elucidated. Additional information is 

required to identify whether reduced vascular function may be limiting energy 

consumption or whether reduced vascular performance is secondary to reduced 

energy demand or a reduced ability of the tissue to access and use metabolic 

substrates.  

The development of novel multi-parametric MRI methods that map relevant 

physiological parameters regionally across the cortex may provide insight into the 

disease processes that contribute to tissue damage and disability. Studies mapping 

the effects of MS on brain energy consumption in humans have so far been limited to 

PET. Recently, non-invasive MRI-based measurements of venous oxygenation have 

become available that offer a global or regional estimate of OEF, depending on the 

chosen vein (Fan et al., 2015b; Ge et al., 2012). However, the territory drained by the 

sampled vein(s) remains uncertain and so localisation of OEF and, therefore, 

CMRO2, once CBF estimates are combined with OEF, are not feasible. Dual-

calibrated fMRI (dc-fMRI) methods (Bulte et al., 2012; Gauthier & Hoge, 2013; 

Germuska & Wise, 2019; Wise, Harris, Stone, & Murphy, 2013) have demonstrated 

their ability to map CBF, OEF and CMRO2 in GM (Merola, Germuska, Murphy, & 

Wise, 2018) in clinical cohorts (Hoge, 2012) and with pharmacological intervention 

(Merola et al., 2017). Arterial spin labelling (ASL), combined with a biophysical model 

of the MR signals, permits a regional mapping of CBF, OEF and absolute CMRO2 in 
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GM (Germuska et al., 2019; Germuska et al., 2016), as well as the estimation of 

effective oxygen diffusivity of the capillary network (DC) (Germuska et al., 2019).  

In this study we use dc-fMRI to quantify in CBF, OEF, CMRO2, and DC across 

the GM of patients with relapsing-remitting MS (PwMS) and test for differences with 

age and sex matched healthy controls, under the hypothesis of a generalised 

vascular and metabolic dysregulation in the GM of the MS brain. With the addition of 

DC, we extended our investigation to include the function of the GM capillary network 

that offers the opportunity to improve our understanding of the pathophysiological 

mechanisms of tissue dysfunction and damage. We further investigated the 

relationship between measures of vascular and oxygen metabolic function and 

metrics of brain damage and disability. To reduce the effect of GM loss that may bias 

the cerebral physiological parameters, we performed analysis restricting our estimate 

of those physiological parameters to voxels with a high proportion of GM.   
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Methods 

Participants 

We recruited PwMS and age and sex matched healthy controls of mixed 

handedness. All patients were recruited at the University Hospital of Wales in Cardiff, 

UK. All PwMS had a diagnosis of MS (Thompson et al., 2018) with a relapsing-

remitting course (Lublin et al., 2014). Eligibility criteria for PwMS included no change 

in medication and no relapse in the 3 months prior to study entry. Participants has no 

history (within the preceding 2 years) of, or were being treated for, any significant 

cardiac or respiratory, and were not regular smokers within the previous 6 months. 

Written consent was obtained according to the protocol approved by the NHS 

Research Ethics Committee, Wales, UK.  

 

Data collection 

Clinical data and behavioural assessments. All participants completed a socio-

demographic and lifestyle questionnaire. Tests from the MS Functional Composite 

(Cutter et al., 1999) were carried out on all participants: 9-Hole Peg Test (9-HPT) for 

arm/hand 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 (Benedict et al., 2017). 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) where 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) 

(Hobart, Lamping, Fitzpatrick, Riazi, & Thompson, 2001) and the Fatigue Scale for 

Motor and Cognitive Functions (FSMC) (Penner et al., 2009). Clinical records and a 

short interview on disease history and impact gave information on: disease onset, 

Expanded Disability Status Scale (EDSS) score (Kurtzke, 1983), relapse history, 

experience of pain on an average day (rating from 0 being no pain to 10 being worst 

pain imagined), and impact of MS on occupation. 

 

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.  
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Structural scans. A magnetization-prepared rapid acquisition with gradient echo 

(MPRAGE) T1-weighted scan was acquired for registration and brain segmentation 

purposes (matrix 165 x 203 x 197, 1mm3 resolution, TR/TE = 2100/3.24ms). A 3D 

T2-weighted Fluid Attenuated Inversion Recovery (FLAIR) image (1mm3 isotropic 

resolution, 256 slices, TR/TE = 5000/388ms) and T2/Proton Density dual-echo image 

(in-plane resolution 0.8 x 0.8 mm, 41 (3.9 mm thick) slices TR/TE1/TE2= 

4050/11/90ms) were acquired for lesion identification.  

 

Quantitative functional scans. We used a home-written dual-excitation (Schmithorst 

et al., 2014) PCASL-based dual-calibration method with background suppression 

and pre-saturation (Germuska & Wise, 2019; Okell, Chappell, Kelly, & Jezzard, 

2013) that acquire CBF and BOLD signals together to map changes in oxygen 

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

10ms,  TE2: 30ms, TR: 4400ms, in-plane resolution 3.4 x 3.4 mm, 16 (7mm thick) 

slices with 20% slice gap and GRAPPA acceleration factor 3 (Figure 1). The 

acquisition time for the PCASL sequence was 18 minutes, during which interleaved 

periods of hypercapnic and hyperoxic gases were delivered (Germuska et al., 2016; 

Germuska & Wise, 2019). Hypercapnia blocks involved delivering 5% CO2, whereas 

for the hyperoxia blocks, 50% O2 was delivered with short periods of 100% O2 at the 

start and 10% O2 at the end delivered to accelerate the transitions to the hyperoxic 

state and back to baseline, respectively. Physiological monitoring was conducted 

throughout measurement of the heart rate (HR) and O2 (%) saturation. Partial 

pressure of end tidal O2 (PETO2) and CO2 (PETCO2) were collected from the 

participant’s facemask and recorded using gas analyzer software from AD 

Instruments (PowerLab®, ADInstruments, Sydney, Australia).  A blood sample was 

drawn via a finger pick with a 1.8mm 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. This was performed within the hour 

before the start of the MRI scan.  

 

Data analysis 

Demographic and clinical data. Independent sample t-tests were run between groups 

for each of the demographic, cognitive and behavioural measures. For demographics 

such as sex, a chi squared (X2) test was run.  
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MRI data.  Our analysis aimed to extract cerebral physiological parameters, from 

dual-calibrated functional MRI (dc-fMRI), representative of whole GM and regional 

GM in PwMS and controls. Accurate tissue identification required lesion filling in 

PwMS, followed by tissue segmentation. A biophysical model was applied to the 

BOLD-ASL signals to estimate physiological parameters voxel-wise. We restricted 

our subsequent analysis of physiology to voxels containing mainly GM in order to 

reduce the possibility of any observed differences between PwMS and controls being 

driven by GM tissue loss in the PwMS. 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 (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 

2012). Segmentation of GM and WM was performed with FSL-FAST (Zhang, Brady, 

& Smith, 2001). Registrations were carried out with FSL-FLIRT (S. Smith et al., 2001) 

and non-brain removal with BET (S. M. Smith, 2002).  

 

Lesion filling. T2, PD and FLAIR images were brain extracted. The T2-FLAIR image 

was transformed to the same space as T2-PD image. Using JIM (Version 6.0), 

lesions where defined manually using the contour ROI tool, without 3D propagation. 

All three image contrasts were used to locate the lesions. 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 (Battaglini, Jenkinson, & De Stefano, 2012) was used: this fills 

the lesion area with intensities similar to those of the non-lesion neighbourhood.  

 

GM and WM volumes. Using the lesion-filled T1 image, FSL-FAST was run to 

investigate for 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. t-tests were carried out using 

RStudio (http://www.rstudio.com/) in order to investigate between-group differences 

in global WM and GM volumes. In addition, we calculated the number of GM voxels 

in each brain region, as defined in the regional analysis (below), using the partial 
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volume image, set with a GM partial volume threshold of above 0.5. Overall, this 

analysis allowed us to establish whether possible GM volume differences contribute 

to differences in vascular/metabolic function in the PwMS compared to the controls. 

 

dc-fMRI modelling. Analysis of the dc-fMRI data were conducted using a Frequency-

Domain Machine Learning (FML) method (Germuska et al., 2020). 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 (CBF 

ml/100 g/m, OEF, CMRO2 μmol/100 g/m) were analysed in each subject’s dc-

functional MRI 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, as explained before) was binarised and 

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

from the FML output maps (median values). 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, assuming minimal 

oxygen tension at the mitochondria. Independent sample t-tests were used to test for 

differences between patients and controls in CBF, OEF, CMRO2, and DC. All the 

reported p-values are two-tailed. 

 

Regional analysis. Registration matrices were defined to transform dc-fMRI space 

data to 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 automated anatomical labelling (AAL) atlas to native dc-fMRI space 

(Tzourio-Mazoyer et al., 2002), where vascular/metabolic parameters were extracted 

for each region. The AAL atlas includes 116 regions across the cortex and 

cerebellum. Due to the limited number of slices in our dc-fMRI acquisition, it was not 

possible to include the cerebellum in the analysis, leaving 83 regions. Median values 

for each parameter (CBF, OEF, and CMRO2) were extracted from each region with 

GM PV threshold of 0.5. Regional DC values were calculated using the median 

values for regional OEF and CMRO2 (Germuska et al., 2019). Statistical analysis 

involved running t-tests between patients and controls for each region (FDR 

corrected) using custom R and Python scripts. All p-values reported are two-tailed.  
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Partial volume estimate analysis. 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. A mixed ANOVA was run to look at main effects 

(GM PVE bin; Group) and interaction effects (GM PVE bin*Group). All the reported p-

values are two-tailed. 
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Results  

Clinical, demographics, and conventional MRI characteristics 

Twenty-two PwMS and 20 controls were included in the study. Out of the 22 patients 

included in the final analysis, 11 were on disease modifying drugs (DMD) at the time 

of testing. Mean disease duration was 8.1±1.04 years. Significant group differences 

were seen for the timed 25-foot walk (p=0.006). No other significant group 

differences were observed (Table 1). Brain volume analysis showed no significant 

differences in GM [t(38.87) = 1.05, p=0.302] or WM [t(34.36) = 1.90, p=0.065] volume 

between groups (Table 1). Blood hemoglobin (g/L) content was not significantly 

different 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 CBF [PwMS vs. controls: 44.91 ± 6.10 vs. 

48.90 ± 5.87 ml/100g/min, t(40) = 2.70, p=0.010], global CMRO2 [PwMS vs. controls: 

117.69 ± 17.31 vs. 136.49 ± 14.48 μmol/100g/min, t(40) = 3.80, p <.001] and DC 

[PwMS vs. controls: 2.70 ± 0.51 vs. 3.18 ± 0.41 μmol/100g/mmHg/min, t(40) = 3.32, 

p=0.002] compared to controls (Figure 2). There were no significant group 

differences in global OEF [PwMS vs. controls: 0.38 ± 0.09 vs. 0.39 ± 0.02, t(40) = 

0.93, p = 0.358] (Figure 2). Results of the regional analysis revealed significant 

widespread reductions in CMRO2 and DC in PwMS compared to controls (p < 0.05, 

FDR corrected) (Figure 3, Table 2). No significant group differences were seen for 

CBF or OEF across any of the regions. 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 correlation between white matter T2 hyperintense lesion 

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

T2 hyperintense lesion volume and global GM CBF and global GM CMRO2 (R = -

0.48, p = 0.023). There were no significant correlations between T2 lesional damage 

and global OEF and Dc.  

 

Critically, no significant correlations were observed between EDSS scores and CBF 

(R = -.36, p = 0.103), OEF (R = -.12, p = 0.606), CMRO2 (R = -0.06, p = 0.781) or DC 

(R=0.16, p = 0.492). Similarly no significant correlations between regional 

vascular/metabolic parameters (CBF; OEF; CMRO2; DC) and other measures of 
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disability (MSIS; SDMT; PASAT; visual acuity or 25-foot walk) were observed after 

correction for multiple comparisons (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 (Figure 4 and Table 3): CBF (β = 4.76, p < 0.001), OEF (β = 

0.01, p < 0.001), CMRO2 (β = 13.92, p = 0.001), and DC (β = 0.35, p <0.001), broadly 

indicating an increase in the estimate of each parameter with increasing proportion of 

GM. We also observed a significant main effect of group for CBF (β = -3.24, p = 

0.019), CMRO2 (β = -11.18, p = 0.004), and DC (β = -0.27, p = 0.013), but not OEF (β 

= -0.02, p = 0.118), suggesting consistently lower values of CBF, CMRO2 and DC 

across different GM thresholds in PwMS compared to controls. There were no 

significant interactions PVE bin*Group for any of the parameters [CBF (β = -0.34, p = 

0.263), OEF (β = 0.00, p = 0.788), CMRO2 (β = -1.47, p = 0.089), DC (β = -0.04, p = 

0.101)], 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 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 brain O2 supply and consumption in PwMS using a newly 

developed multiparametric method, the dc-fMRI (Germuska et al., 2019; Germuska 

et al., 2016). We observed reductions in CBF, CMRO2, and DC within the GM of 

PwMS compared to matched healthy controls, but no between-group difference was 

observed for OEF. Regional analysis confirmed statistically significant reductions in 

GM CMRO2 and DC only. Overall, these findings suggest vascular and metabolic 

dysregulation in MS. The lack of association between the quantity of GM and the 

physiological parameters at the regional level, along with the absence of any 

significant group differences in GM volume, 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) microvascular 

inefficiency in transferring O2 from the capillary to the mitochondria, (ii) reduced 

demand for nutrients including O2, (iii) an inability of the tissue to use metabolic 

substrates for energy release or (iv) primary loss of blood supply at the 

macrovascular level. The latter explanation is unlikely, given that Dc is reduced, but 

OEF is not elevated, suggesting that the reduction in Dc is associated with local 

impairment of O2 diffusion at the capillary bed rather than with global change in blood 

supply (Fan et al., 2015a; Ge et al., 2012; Watchmaker et al., 2018). The global and 

localized reduction of effective O2 diffusivity of the capillary network (DC) suggests an 

impairment of microvascular function, the specific nature of which requires further 

elucidation. Reduced microvascular density has been observed in MS (Lanzillo et al., 

2019). Emerging imaging approaches including optical coherence tomography 

angiography (OCTA), which permits mapping of microvasculature across the retina, 

has revealed that PwMS have a reduced density of vessels in superficial and deep 

vascular plexuses, correlating with function and MS disability scores (Murphy et al., 

2020; Wang, Murphy, Caldito, Calabresi, & Saidha, 2018). We suggest that a 

reduced capillary density may lead to an increase in vascular resistance, which 

would result in a reduction in flow and a limited O2 exchange. Destabilization of the 

blood brain barrier (BBB) and damage to pericytes as a result of neuroinflammatory 

processes may create a potential pathological pathway for microvascular 

dysregulation (Brown et al., 2019; Cheng et al., 2018; Marshall et al., 2014).  

The reduced rate of CMRO2 may reflect histotoxic hypoxia that is an 

increased energy demand of impulse conduction along excitable demyelinated axons 

accompanied by a failure in energy production with intact O2 supply. Histotoxic 
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hypoxia has been identified in MS and referred to as virtual hypoxia (Trapp & Stys, 

2009). Altered energy production underlying virtual hypoxia may be due to soluble 

mediators of inflammation that impair mitochondrial function (Mahad et al 2009) 

and/or to oxidative damage to mitochondrial DNA that may further disrupt 

mitochondrial activity (Lu et al 2000), ultimately leading to cortical degeneration 

(Haider et al 2016). Diffuse hypoxia is likely to be present in MS and may be a critical 

pathological mechanism in MS, as the hypoxic and inflammatory responses are 

intimately linked (Yang & Dunn 2019): hypoxia exacerbates the inflammatory 

response (Snyder, Shell, Cunningham, & Cunningham, 2017) 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.  

Regional analysis confirmed CMRO2 and DC reductions to be widespread 

across the cortex, but with the most significant reductions located around the 

cingulate and frontal cortex (Eshaghi et al., 2018). Typically, MS lesions are localised 

particularly in periventricular WM which would significantly affect the tracts 

connecting key frontal and cingulate regions, and thus may make these regions more 

susceptible to degeneration (Charil et al., 2007; Haider et al., 2016).  

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 volume. We only included bins up to a GM partial volume threshold of 0.7-

0.8 as there is a limited number of voxels from which to sample for higher thresholds 

applied to some anatomical regions. As expected, estimated 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 reflects aspects of tissue physiology without 

being biased by tissue loss. 

 

Relationship between brain physiology, damage and disability 

Our results demonstrated that increasing levels of T2 lesion volume is associated 

with reduced CBF and CMRO2 in GM, consistently with previous findings (Ge et al., 

2012). It could be assumed that a higher WM lesion load reflects a higher GM lesion 

load (Bodini et al., 2009; Muhlau et al., 2013; Steenwijk et al., 2016). However, the 

relationship is not clearly established (Calabrese et al., 2013). Future studies looking 

at GM physiology in MS could benefit from the inclusion of scans more sensitive to 

GM damage and myelination (Abidi, Faeghi, Mardanshahi, & Mortazavi, 2017).  
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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. 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 GM. This limits 

the comparisons we can make with other studies that summarise O2 metabolic 

changes across GM and WM (Fan et al., 2015b; Ge et al., 2012; West et al., 2020).  

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 we used to identify lesions are not generally 

sensitive to lesions within GM. Therefore, our reported associations with GM 

physiology are limited to WM lesional damage.  

 

Conclusions 

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

in reduced O2 supply and utilisation. These changes may precede GM tissue loss, 

thereby providing potentially promising avenues for neuroprotective interventions. 

The use of multi-parametric dc-MRI approach can provide valuable quantitative data 

regarding altered brain physiology in MS and, with a regional approach, may help 

identify target areas for early identification of tissue dysfunction and its subsequent 

evolution.   
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Table 1. 

  Patients Controls p 

        

Age 35.55 ± 7.24 34.15 ± 5.69 0.489 

Sex (M/F) 5/17 6/14 0.854 

Education (years) 17.14 ± 1.96 18.58 ± 2.81 0.699 

Disease duration (years) 8.20 ± 4.85 - - 

Number of patients on DMT's 11 - - 

Visual Acuity-L(cumulative) 3.46 ± 1.17 3.53 ± 3.06 0.928 

Visual Acuity-R (cumulative) 3.25 ± 1.51 2.88 ± 1.32 0.402 

9HPT-dominant (seconds) 20.98 ± 4.90 20.18 ± 2.28 0.235 

9HPT-non-dominant (seconds) 22.92 ± 2.55 21.25 ± 2.97 0.058 

T25-FW (seconds) 5.00 ± 1.49 3.98 ± 0.63 0.006 

PASAT-3s (correct/60) 44.50 ± 12.91 48.10 ± 10.54 0.326 

PASAT-2s (correct/60) 34.05 ± 11.74 35.90 ± 12.21 0.623 

SDMT 59.14 ± 7.47 62.40 ± 9.76 0.499 

T2 hyperintense lesion volume 

(mm3)  
10148.38 ± 9,094.02  - - 

White matter volume (mm3) 509,916.2 ± 46148.72 542,906 ± 63737.52 0.065  

Grey matter volume (mm3) 530,891 ± 44,462.88 545,840.8 ± 47,835.55 0.302 

 

Demographic and clinical characteristics for patients and controls. Values are mean 

± SD, unless stated otherwise. All group differences are tested with t-tests, excluding 

sex, which was tested with chi-squared. Abbreviations: EDSS= Expanded Disability 

Status Scale; MSIS = Multiple Sclerosis Impact Scale; 9HPT-DH = 9 Hole Peg Test – 

Dominant Hand; T25FW = Timed 25 foot walk; PASAT = Paced Auditory Serial 

Addition Test. 
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Table 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results from the regional analysis reporting the areas in which significant reductions 

were observed for patients compared to controls. There were only significant regional 

differences found for CMRO2 and DC. Analysis includes FDR corrected results only. 

Abbreviations: cerebral metabolic rate of oxygen consumption (CMRO2) and capillary 

oxygen diffusivity (DC).  
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Table 3.  

 

 

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

between Group (PwMS vs. controls) and partial volume bin. Abbreviations: cerebral 

blood flow (CBF), oxygen extraction fraction (OEF), cerebral metabolic rate of 

oxygen consumption (CMRO2) and capillary oxygen diffusivity (DC). 

 
 
  

  
Main 

effects       Interaction    

  
group 
(beta) 

group  
(p-value) 

bin 
(beta) 

bin  
(p-value) 

group * bin 
(beta) 

group * bin  
(p-value) 

CBF -3.24 0.019 4.76 <.001 -0.34 0.263 

OEF -0.02 0.118 0.01 <.001 0.00 0.788 

CMRO2 -11.18 0.004 13.92 0.001 -1.47 0.089 

Dc -0.27 0.013 0.35 <.001 -0.04 0.101 
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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: Blood oxygen level dependent (BOLD), arterial spin 

labelling (ASL), cerebral blood flow (CBF), oxygen extraction fraction (OEF), cerebral 

metabolic rate of oxygen consumption (CMRO2) and capillary oxygen diffusivity (DC). 
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Figure 2. CBF, OEF, CMRO2 and DC in patients (red triangles) and in controls (blue 

circles). Results reflect median values in the GM and then mean across participants 

(PVE threshold of 0.5). There was a significant difference between groups in CBF, 

CMRO2 and DC, but not in OEF. Abbreviations: Grey matter (GM) cerebral blood flow 

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

consumption (CMRO2) and capillary oxygen diffusivity (DC). 
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Figure 3. Unthresholded (top row) and thresholded (bottom row) group mean 

differences (controls>PwMS) for each regional CMRO2 (μmol/100g/min) and DC 

(μmol/100g/mmHg/min) parameters. Differences between groups are reported by the 

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: Cerebral metabolic rate of oxygen consumption (CMRO2) 

and capillary oxygen diffusivity (DC). 
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Figure 4. Graphs showing the average GM for each physiological parameter (CBF, 

OEF, CMRO2, and DC) across different PVE bins for PwMS (red) and controls (blue). 

Bars represent 95% confidence intervals. Abbreviations: cerebral blood flow (CBF), 

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

(CMRO2) and capillary oxygen diffusivity (DC).  
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