Supplementary Table 3a. Characteristics of neuroimaging studies included in this review (N=47).


	Author
	N (by disease type)
	MS Subgroups
	Age (y)
	Male/ Female
	EDSS Scores
	Disease
Duration (y)
	Perceived Fatigue Measure
	Technique
	Outcomes
	MS-HF
	MS-LF
	HC
	Summary of findings

	Andreason et al. (2010)**
	34 RR
7 HC
	17 MS-HF  
17 MS-LF




	MS-HF: 
43 (27-53) 
MS-LF: 
39 (23-53)
HC: 
39 (31-45)
	MS-HF: 5/12
MS-LF: 9/8
HC: 1/6





	MS-HF: 3 (1-3.5)
MS-LF: 2 (1.5-3.5)
HC: 0 (0-2) 
	MS-HF: 5 (1-14)
MS-LF: 3 (0-9) 


	FSS 
[>5 (Mean)]
MS-HF: 
6.3 (5-7) 
MS-LF: 
2.8 (1-4)
HC: 
2.7 (2-4)
	MRI (DTI), MRS
3.0 Tesla scanner (GE Signa HDx)



	Brain parenchymal fraction (%)
	81.5 ± 5.7
	82.4 ± 2.5
	81.1 ± 2.5
	Brain parenchymal fraction, lesion volume and NAA/Cr and DTI/MT indices were similar for MS-HF and MS-LF. Greater regional atrophy of grey matter structures and nearby white matter in MS-HF vs HC, found in frontal/parietal and basal ganglia regions.

	
	
	
	
	
	
	
	
	
	Lesion load (%)
	0.53 ± 0.37
	0.36 ± 0.28
	
	

	
	
	
	
	
	
	
	
	
	NAA/Cr
	1.29 ± 0.2
	1.32 ± 0.19
	1.38 ± 0.13
	

	Bakshi et al. (1999)
	66 MS

	46 MS-HF
20 MS-LF
	MS-HF:
41.0 ± 1.4
MS-LF:
43.0 ± 4.0
	MS-HF: 14/32
MS-LF: 4/16
	
	MS: 9.7 (0.5-43)
	FSS [>5.0 (mean)] 
Means for the 2 groups not reported.
MS-HF5
MS-LF4

	MRI 1.0- or 1.5-Tesla 

	Brain atrophy; T1-hypointense and T2-hyperintense lesions.
	Data only reported as correlation coefficients. 
	Data only reported as correlation coefficients.
	
	No significant differences were found in any MRI measures between MS-HF and MS-LF groups. No significant correlation between fatigue and any of the regional or global MRI measures.

	Bernitsas et al. (2017)
	29 RR

	15 MS-HF 
14 MS-LF

	MS-HF: 
43 ± 2.9 
MS-LF: 
39 ± 1.7 

	
	MS-HF: 2 (1-4) 
MS-LF: 1.5 (1-4)
   

	MS-HF: 10 ± 1.7 
MS-LF: 8.6 ± 1.9 
	FSS 
[>5 (Mean)]
MS-HF: 
6 ± 0.12 
MS-LF: 
1.89 ± 0.2 
	MRI (DTI)
3.0 Tesla scanner (Siemens Verio)

 
	T2 Lesion volume (ml)
	14.0 ± 9.7
	15.3 ± 22.1
	
	Significantly lower subcortical grey matter volumes (thalamus, pallidus, and superior cerebellar peduncle) found in basal ganglia regions. FSS scores inversely correlated with thalamus and pallidus volumes. Lower fractional anisotropy and greater mean diffusivity in MS-HF vs MS-LF, demonstrating neuronal disruption. 


	
	
	
	
	
	
	
	
	
	Thalamus volume (ml)
	11.5 ± 1.1
	14 ± 2.2
	
	

	
	
	
	
	
	
	
	
	
	Pallidus volume (ml)
	2.6 ± 0.27
	3.0 ± 0.49
	
	

	
	
	
	
	
	
	
	
	
	Superior cerebellar peduncle volume (ml)
	207.3 ± 27.5
	246.1 ± 35.9
	
	

	
	
	
	
	
	
	
	
	
	Fractional anisotropy (FA)
	0.24 ± 0.02
	0.27 ± 0.03
	
	

	
	
	
	
	
	
	
	
	
	Mean diffusivity (×10−3 mm2/s)
	0.88 ± 0.08
	0.82 ± 0.04
	
	

	Bisecco et al. (2016) 
	60 RR
29 HC

	30 MS-HF
30 MS-LF


	MS-HF: 
41.2 (21-62)
MS-LF: 
40.2 (23-54)
HC: 
40.7 (25-61)
	MS-HF: 10/20
MS-LF: 9/21 
HC: 13/16
	MS-HF: 2.0 (1.0-6.0)
MS-LF: 1.5 (1-6.0)

	MS-HF: 14.5 (1-44)
MS-LF: 11.5 (1-27)

	FSS
[>4 (Mean)]
MS-HF: 
5.2 (4.2-6.8)
MS-LF: 
2 (1-3.6)
HC: 2 (1-3.9)
	MRI (DTI) 
3.0 Tesla scanner (Medical System)




	Normalised brain volume (ml)
	428 ± 97
	1444 ± 89
	1513 ± 71
	Normalised brain volume, grey matter, white matter, T2 lesion volume were not significantly different between MS-HF vs MS-LF. MS-HF showed more extensive white matter damage than MS-LF for mean diffusivity and fractional anisotropy.

	
	
	
	
	
	
	
	
	
	Grey matter volume (ml)
	777 ± 63
	793 ± 61
	824 ± 52
	

	
	
	
	
	
	
	
	
	
	White matter volume (ml)
	650 ± 43
	651 ± 35
	688 ± 35
	

	
	
	
	
	
	
	
	
	
	T2 Lesion volume (ml)
	10.1 ± 13.8
	11.2 ± 12.1
	
	

	Bisecco et al. (2017)
	59 RR
29 HC
	28 MS-HF
31 MS-LF
	MS: 
40.1 ± 10.1 
MS-HF: 
40.5 (21-62)
MS-LF: 
39.6 (23-54) 
HC: 
39.8 ± 10.6
	MS: 21/38 
MS-HF: 10/18  
MS-LF: 11/20  
HC:  13/16
	MS:  2.0 (1.0-6.0)
MS-HF:  2.0 (1.0-5.5)
MS-LF:  1.5 (1-6.0)

	MS: 12.5 (1-44)
MS-HF: 13.8 (1-44)
MS-LF: 11.2 (1-27)

	FSS 
[>4 (Mean)]
MS: 
3.6 (1-6.4)
MS-HF: 5.1(4.1-6.4)
MS-LF: 
2 (1-3.6)
HC: 
1.9 (1-3.9)

	MRI, fMRI
3.0 Tesla scanner (GE Medical) 


	T2 Lesion volume (ml)
	8.3 ± 12.9
	11.2 ± 11.8
	
	Significantly increased functionality in posterior cingulate cortex but decreased in anterior cingulated cortex in MS-HF vs MS-LF and HC. Reorganisation found in both default mode network and sensorimotor network at rest. T2 lesion volume, normalised brain volume, grey matter and white matter volume were not significantly different between MS-HF vs MS-LF but were lower than HC.


	
	
	
	
	
	
	
	
	
	Normalised brain volume (ml) 
	1439 ± 96
	1450 ± 89
	1519 ± 80
	

	
	
	
	
	
	
	
	
	
	Grey matter volume (ml)
	784 ± 64
	794 ± 61
	830 ± 57
	

	
	
	
	
	
	
	
	
	
	White matter volume (ml)
	654 ± 40
	656 ± 37
	689 ± 37
	

	Calabrese et al. (2010) 
	152 RR
42 HC

	71 MS-HF
81 MS-LF 





	MS-HF: 
33.3 ± 8.2
MS-LF: 
34.4 ± 8.8
HC: 
35.5 ± 10.2 

	MS-HF: 26/45 
MS-LF: 29/52
HC: 16/26
	MS-HF: 3.3 ± 1.8
MS-LF: 2.2 ± 1.5

	MS-HF: 9.9 ± 7.1
MS-LF: 8.7 ± 1.5 

	FSS
[4 (Mean)]
MS-HF: 
5.1 ± 0.75
MS-LF: 
2.2 ± 1.0

	MRI
1.5 Tesla scanner (Achieva MR) 



	Global mean cortical thickness (mm)
	2.17 ± 0.25
	2.25 ± 0.21
	2.50 ± 0.11
	Significant reductions in putamen, caudate and thalamus volumes and cortical thickness of the superior frontal gyrus and inferior parietal gyrus in MS-HF vs MS-LF and MS vs HC. T2 lesion volume was not significantly different for MS-HF vs MS-LF. 

	
	
	
	
	
	
	
	
	
	T2 lesion volume (ml)
	9.2 ± 7.9
	8.8 ± 7.7
	
	

	
	
	
	
	
	
	
	
	
	Putamen (ml) 
	3.8 ± 1.3
	4.5 ± 0.8
	5.1 ± 0.9
	

	
	
	
	
	
	
	
	
	
	Caudate (ml) 
	4.1 ± 0.5
	5.1 ± 0.5
	5.2 ± 0.8
	

	
	
	
	
	
	
	
	
	
	Thalamus (ml) 
	4.7 ± 0.9
	6.8 ± 0.8
	6.1 ± 0.8
	

	
	
	
	
	
	
	
	
	
	Superior frontal gyrus cortical thickness (mm)
	2.30 ± 0.28
	2.57 ± 0.21
	
	

	
	
	
	
	
	
	
	
	
	Inferior parietal gyrus cortical thickness (mm) 
	2.04 ± 0.28
	2.52 ± 0.21
	
	

	Codella et al. (2002)
	28 MS
30 HC


	14 MS-HF 
14 MS-LF


	MS-HF: 
39.1 ± 8.9
MS-LF: 
37.6 ± 6.6
HC: 
41.2 ± 7.1

	MS-HF: 3/11
MS-LF: 6/8
HC:10/20

	MS-HF: 1.0 (0.0-1.0)
MS-LF: 1.0 (0.0-1.0)


	MS-HF: 6.0 (1-40)
MS-LF: 8.0 (3-22) 
	FSS
[>25 (Total)]
MS-HF: 
38.9 (28-55)
MS-LF: 
19.7 (13-24)


	MRI (DTI, MTI)
1.5 Tesla scanner



	T2 Lesion volume (ml)
	8.9 ± 10.8
	7.2 ± 4.7
	

	T2 lesion volume and DTI indices were not significantly different for MS-HF vs MS-LF but the latter differed between MS and HC. 

	
	
	
	
	
	
	
	
	
	Mean diffusivity
(×10−3 mm2/s)
	0.93 ± 0.06
	0.96 ± 0.04
	0.91 ± 0.05
	

	
	
	
	
	
	
	
	
	
	Fractional anisotropy 
	0.20 ± 0.01
	0.20 ± 0.01
	0.23 ± 0.01
	

	
	
	
	
	
	
	
	
	
	Magnetisation transfer ratio (%) 
	40.0 ± 0.6
	40.4 ± 1.2
	40.6 ± 1.0
	

	Cogliati Dezza et al. (2015)**
	27 MS
8 HC
	15 MS-HF
12 MS-LF





	MS-HF: 
37.3 ± 4
MS-LF: 
36.9 ± 7.5 
HC: 
37 (25-48)
	MS-HF: 4/11
MS-LF:
4/8 
HC: 1/7
	MS-HF: 1 (0-3)
MS-LF: 1 (0-2) 

	MS-HF: 3.9 ± 4.1
MS-LF: 
7.1 ± 3.9

	MFIS
[>36 (Total)]
MS-HF: 
42.1 ± 7.3
MS-LF: 
19.9 ± 8.6 


	MRI 
1.5 Tesla scanner (Achieva, Phillips)







	Thalamus volume (ml)
	14.1 ± 1.8
	13.3 ± 1.5
	14.7 ± 1.5
	Thalamus volume and rolandic thickness/asymmetry were not significantly different for MS-HF vs MS-LF or HC.

	
	
	
	
	
	
	
	
	
	Intracranial volume (ml)
	1440 ± 200
	1490 ± 230
	1500 ± 210
	

	
	
	
	
	
	
	
	
	
	Central sulcus area (mm)
	
	
	
	

	
	
	
	
	
	
	
	
	
	Left
	1.72 ± 0.07
	1.72 ± 0.18
	1.78 ± 0.14
	

	
	
	
	
	
	
	
	
	
	Right
	1.71 ± 0.10
	1.68 ± 0.18
	1.72 ± 0.15
	

	Colombo et al. (2000)**
	30 MS
	15 MS-HF
15 MS-LF 

	MS-HF: 
30.4 (18-49)
MS-LF: 
39 (18-49)


	MS-HF: 3/12 
MS-LF: 4/11 

	MS-HF: 1.5 (0-1.5)
MS-LF: 1.5 (0-1.5)

	MS-HF: 2.8 (1-7)
MS-LF: 3.7 (1-9)

	FSS
[>25(Total)] 
MS-HF: 
40 (25-60)
MS-LF: 
14 (10-21)

	MRI
1.5 Tesla scanner


	Total lesion load-volume
	32 (5-82)
	22 (6-60)
	
	Significantly higher volume of lesions for MS-HF vs MS-LF, found in the parietal lobe and white matter regions (internal capsule, periventricular areas).

	Cruz Gomez et al. (2013) 
	60 RR
18 HC

	32 MS-HF 
28 MS-LF




	MS-HF: 
37.72 ± 5.9
MS-LF:
34.96 ± 5.87
HC: 
31.06 ± 5.67
	MS-HF: 11/21
MS-LF:
10/18
HC: 10/8

	MS-HF: 3.2 ± 1.68 
MS-LF: 2.2 ± 0.96



	
	FSS
[>4 (Mean)]
MS-HF: 
5.6 ± 0.85
MS-LF: 
2.21 ± 0.96 

	fMRI
1.5 Tesla scanner (Siemens Avanto)



	T1 lesion volume (ml)
	6.03 ± 14.02
	3.16 ± 3.97
	

	Grey matter and white matter atrophy in MS-HF vs MS-LF, found in areas related to the sensorimotor networks. Decreased resting functionality between the supplementary motor area and associative somato-sensory cortex in MS-HF vs MS-LF and HC and correlations with FSS scores.


	
	
	
	
	
	
	
	
	
	Intracranial volume (ml)
	1101.16 ±
144.74
	1141.34 ± 121.98
	1261.24 ± 102.63
	

	Damasceno et al. (2016)
	49 RR
30 HC
	22 MS-HF
27 MS-LF

	MS-HF:
31.86 ± 6.84 MS-LF:
30.18 ± 6.96 
HC: 
29.52 ± 7.53
	MS-HF: 3/19 
MS-LF: 
8/19
HC: 7/23

	MS-HF: 2.75 (1.5-4)
MS-LF: 
1.5 (0-3.0)

	MS-HF: 7.00 ± 4.82
MS-LF:
5.62 ± 4.79 

	FSS
[>4 (Mean)]
MS: 
3.54 ± 1.65
MS-HF: 
5.19 ± 0.68
MS-LF:
2.20 ± 0.73
HC: 
2.65 ± 0.88
	MRI
3.0 Tesla scanner (Achieva, Phillips)



	Brain cortical grey matter volume (ml)
	426.20 ± 35.22
	425.58 ± 51.88
	440.82 ± 35.13
	Significantly greater cerebellar cortical lesion volume, brain cortical volume and most subcortical grey matter structures (thalamus, caudate, putamen, amygdala, accumbens) in MS-HF vs MS-LF and MS vs HC. Supports the theory of cortico-striatal network impairment in MS fatigue.

	
	
	
	
	
	
	
	
	
	T1 lesion volume (ml)
	7.7 ± 12.0
	4.7 ± 4.0
	
	

	
	
	
	
	
	
	
	
	
	Brain cortical lesions (mm3)
	900.0 ± 973.6
	874.20 ± 870.0
	
	

	
	
	
	
	
	
	
	
	
	Cerebellar cortical lesion volume (mm3)
	91.56 ± 93.18
	27.40 ± 56.29
	94.36 ± 11.43
	

	
	
	
	
	
	
	
	
	
	Cerebellar grey matter volume (ml)
	88.87 ± 8.42
	92.53 ± 16.96
	94.36 ± 11.43
	

	
	
	
	
	
	
	
	
	
	Thalamus volume (ml)
	12.65 ± 1.42
	12.06 ± 1.97
	13.75 ± 1.18
	

	
	
	
	
	
	
	
	
	
	Putamen volume (ml)
	10.22 ± 2.10
	10.82 ± 1.73
	12.29 ± 1.40
	

	
	
	
	
	
	
	
	
	
	Caudate volume: (ml)  
	6.47 ± 0.99
	6.70 ± 1.05
	7.56 ± 0.75
	

	
	
	
	
	
	
	
	
	
	Amygdala volume (ml)
	3.50 ± 0.61
	3.66 ± 0.50
	3.86 ± 0.55
	

	
	
	
	
	
	
	
	
	
	Accumbens volume (ml)
	1.28 ± 0.27
	1.33 ± 0.26
	1.55 ± 0.26
	

	Derache et al. (2013)
	17 RR
	11 MS-HF
6 MS-LF

	MS-HF: 
38 (20-49)
MS-LF:
26.5 (20-47)

	MS-HF: 1/10
MS-LF:
0/6
	MS-HF:
2 (0-3)
MS-LF:
1.5 (1-2)
	MS-HF:
3.9 (0.3-15.4)
MS-LF:
3.1 (0.6-4.1)
	EMIF-SEP [45 (scaled)]
MS-HF: 
56.9 (46.3-81.3)
MS-LF:
37.8 (12.2-43.1)

	PET 
(Seimens ECAT Exact HR+ scanner)

MRI 1.5 Tesla scanner (GE Inc. SIGNA Echo speed 8.3)

	Regional grey matter density. Regional and global deep white matter lesion volume, regional and global juxtacortical and/or overlapping lesion volume.
	Only difference scores between the groups and correlations reported. 
	Only difference scores between the groups and correlations reported.
	
	Significant lower grey matter density in MS-HF versus MS-LF for the bilateral middle, superior and inferior frontal, left temporal and parietal cortex. Total fatigue score was negatively correlated with grey matter density in these same regions.

	Dobryakova et al. (2018)^
	17 RR
1 SP
1 PP
14 HC
	13 MS-HF
6 MS-LF
	MS: 
44.16 ± 7.46
HC: 
37.29 ± 12.29
	
	
	
	FSS
[>36 (Total)]
MS-HF:  
60 ± 3 
MS-LF:   
28 ± 8

	MRI, fMRI (+task)
3.0 Tesla
	Grey matter volume (ml)
	756 ± 25
	776 ± 54
	810 ± 40
	Lower grey matter volume and white matter volume in MS-HF vs MS-LF and HC. 

	
	
	
	
	
	
	
	
	
	White matter volume (ml)
	692 ± 48
	703 ± 58
	739 ± 28
	

	Filippi et al. (2002)
	29 RR
15 HC
	15 MS-HF
14 MS-LF
15 HC

	MS-HF:
39.3 ± 8.2
MS-LF:
37.6 ± 6.6
	
	MS-HF: 1 (0-1)
MS-LF:
1 (0-1)

	MS-HF:
7 (1-40)
MS-LF:
6.5 (2-10)
	FSS [25 (total)]
MS-HF:
39.5 ± 7.1
MS-LF:
19.3 ± 5.2

	MRI/fMRI
1.5 Tesla (Vision, Siemens)
	Pattern of brain activation during a simple motor task (maximum finger-tapping frequency and the nine-hole peg test).
	Data reported as brain scans and brain activation sites as Talairach coordinates.
	Data reported as brain scans and brain activation sites as Talairach coordinates.
	Data reported as brain scans and brain activation sites as Talairach coordinates.
	Compared to MS-HF, MS-LF showed more significant activations of the ipsilateral cerebellar hemisphere, ipsilateral rolandic operculum, ipsilateral precuneus, contralateral thalamus and contralateral middle frontal gyrus during a simple motor task. In contrast, MS-HF had more significant activation of the contralateral cingulate motor area. Significant inverse correlations were found between FSS scores and relative activation of the contralateral intraparietal sulcus, ipsilateral rolandic operculum and thalamus.


	Gobbi et al. (2014a)
	91 RR 22 SP 10 PP
90 HC
	81 MS-HF 
66 MS-LF 



	MS-HF: 
42.8 ± 11
MS-LF:  
40.5 ± 10.5
HC: 
41.9 ± 12.3
	MS-HF:
32/49 
MS-LF:
28/38  
HC: 33/57
	MS-HF: 3.5 (1.0-7.0)
MS-LF: 
2.5 (0.0-7.0) 

	MS-HF: 13.3 ± 9.1 
MS-LF:  
12.1 ± 6.7

	FSS
[>4 (Mean)]
MS-HF: 
5.2 (4-6.8)
MS-LF:
2.4 (1-3.9)

	MRI (DTI)
3.0 Tesla scanner 
(Intera, Philips Medical Systems)



	Normalised brain volume (ml) 
	1487 ± 106
	1509 ± 107
	1577 ± 85
	T1 and T2 lesion volume, normalised brain volume, grey matter and white matter volume did not significantly differ between MS-HF vs MS-LF but MS was lower vs HC. Reduced fractional anisotropy of the right anterior thalamic radiation and right uncinate fasciculus in MS-HF versus MS-LF.



	
	
	
	
	
	
	
	
	
	Grey matter volume (ml)
	670 ± 76
	685 ± 70
	735 ± 50
	

	
	
	
	
	
	
	
	
	
	White matter volume (ml)
	817 ± 50
	825 ± 61
	841 ± 48
	

	
	
	
	
	
	
	
	
	
	T1 lesion volume (ml)
	6.4 ± 7.6
	5.8 ± 5.9
	
	

	
	
	
	
	
	
	
	
	
	T2 lesion volume (ml)
	8.9 ± 10.0
	8.4 ± 8.0
	
	

	Gobbi et al. (2014b)
	81 RR 18 BN 17 SP
8 PP
90 HC

	64 MS-HF 
59 MS-LF

	MS-HF: 
42.3 ± 10.3
MS-LF:
41.0 ± 10.5 
HC: 
39.7 ± 13.7

	MS-HF: 26/38 MS-LF:
26/33 
HC: 39/51
	MS-HF:
2.5 (1-7.0)
MS-LF: 
1.5 (0.-7.0)

	MS-HF: 13.1 (1-44)
MS-LF:
11.9 (1-32)

	FSS
[>4 (Mean)]
MS-HF: 
5.1 (3.0-6.6)
MS-LF: 
2.3 (1.0-3.9)

	MRI
3.0 Tesla scanner
(Intera, Philips Medical Systems)


	Normalised brain volume (ml) 
	1488 ± 107
	1501 ± 112
	1609 ± 86
	Normalised brain volume, T1 and T2 lesion volumes were not significantly different for MS-HF vs MS-LF. 

	
	
	
	
	
	
	
	
	
	T1 lesion volume (ml)
	6.8 ± 7.9
	6.1 ± 6.1
	
	

	
	
	
	
	
	
	
	
	
	T2 lesion volume (ml)
	9.7 ± 10.7
	8.8 ± 8.3
	
	

	Gonzalez Campo et al. (2019)
	27 RR
28 HC
	14 MS-HF
13 MS-LF
	MS-HF:
42.2 ± 11
MS-LF:
36.3 ± 9.4
HC:
35.8 ± 11.0

	MS-HF: 5/14
MS-LF: 4/9
HC: 5/23
	MS-HF: 1.4 ±1.9
MS-LF: 1.0 ± 1.4

	MS-HF: 11.3 ±9.3
MS-LF: 7.9 ± 4.9

	MFIS
[37 (Total)]
MS-HF: 
53.2 (37-76)
MS-LF: 
19.9 (4-32)
	MRI
1.5 T Phillips Intera scanner with a standard head coil
	Introception condition accuracy score
	–0.49 ± 0.83
	0.64 ± 0.99
	0.55 ± 0.87
	Decreased introception condition accuracy score and reduced grey matter voume in introceptive areas (bilateral insula, right anterior cingulate cortex) in MS-HF versus HC. Increased connectivity between the right anterior cingulate cortex and left insula in MS-HF versus HC. 


	Hanken et al. (2015)
	49 RR
17 HC

	28 MS-HF
25 MS-LF





	MS-HF: 
41.9 ± 6.8
MS-LF:
44.5 ± 11.2
HC: 
37.4 ± 9.9

	MS-HF: 4/24
MS-LF:
6/19
HC: 6/11

	MS-HF: 2.9 ± 2.0
MS-LF:
2.8 ± 1.7


	MS-HF: 7.8 ± 8.3
MS-LF: 7.8 ± 6.1


	FSS
[>36 (Total)]
MS-HF: 
54.6 ± 5.1
MS-LF:
29.8 ± 9.3
HC: 
24.3 ± 7.8

	MRI (DTI)
3.0 Tesla scanner (Siemens Verio)


	Brain parenchymal fraction (%)
	79.3 ± 3.6
	78.7 ± 3.2
	81.4 ± 3.0
	Brain parenchymal fraction, lateral, third and fourth ventricle volumes were not significantly different for MS-HF vs MS-LF or HC.

	
	
	
	
	
	
	
	
	
	Lateral ventricles (ml)
	26.6 ± 15.5
	28.2 ± 16.0
	17.3 ± 6.9
	

	
	
	
	
	
	
	
	
	
	Third ventricle (ml)
	2.6 ± 1.7
	2.6 ± 1.1
	2.0 ± 1.0
	

	
	
	
	
	
	
	
	
	
	Fourth ventricle (ml)
	2.1 ± 0.9
	2.0 ± 0.8
	1.9 ± 0.8
	

	Hanken et al. (2016)
	69 RR
17 SP
9 PP
15 HC
	18 MS-HF
42 MS-LF

	MS-HF: 
43.1 ± 6.3 
MS-LF: 
42.9 ± 11.7  
HC: 
37.0 ± 10.5 

	MS-HF: 4/14
MS-LF: 18/24  
HC: 6/9
	MS-HF: 3.4 ± 2.2 
MS-LF: 3.1 ± 1.8 

	MS-HF:
6.8 ± 6.0
MS-LF: 
7.8 ± 8.6

	FSS 
[>5 (Mean)]
MS-HF: 
56 ± 3 
MS-LF: 
30 ± 12  

	MRI
1.5 Tesla scanner (Phillips)


	Brain parenchymal fraction (%)
	80.8 ± 4.8
	81.0 ± 4.3
	81.8 ± 2.6
	Significantly decreased cortical thickness in right inferior parietal lobe, right cingulate cortex and the right precuneus for MS-HF vs MS-LF and HC.

	
	
	
	
	
	
	
	
	
	Cortical thickness by region (mm):
	
	
	
	

	
	
	
	
	
	
	
	
	
	Gyrus rectus Left
	3.0 ± 0.4
	3.2 ± 0.3
	3.3 ± 0.2
	

	
	
	
	
	
	
	
	
	
	Olfactory cortex left
	2.9 ± 0.3
	2.9 ± 0.3
	3.1 ± 0.1
	

	
	
	
	
	
	
	
	
	
	Inferior parietal right
	3.0 ± 0.4
	3.2 ± 0.2
	3.1 ± 0.1
	

	
	
	
	
	
	
	
	
	
	Precuneus right
	3.0 ± 0.3
	3.1 ± 0.2
	3.2 ± 0.1
	

	
	
	
	
	
	
	
	
	
	Superior temporal pole right
	3.5 ± 0.4
	3.6 ± 0.3
	3.8 ± 0.2
	

	
	
	
	
	
	
	
	
	
	Medial temporal pole right
	3.4 ± 0.4
	3.6 ± 0.4
	3.8 ± 0.3
	

	
	
	
	
	
	
	
	
	
	Anterior cingulate right
	2.9 ± 0.4
	3.0 ± 0.2
	3.0 ± 0.2
	

	
	
	
	
	
	
	
	
	
	Middle cingulate left
	2.9 ± 0.4
	2.9 ± 0.3
	3.1 ± 0.2
	

	
	
	
	
	
	
	
	
	
	Middle cingulate right
	2.9 ± 0.4
	3.0 ± 0.2
	3.1 ± 0.2
	

	
	
	
	
	
	
	
	
	
	Insula left
	2.7 ± 0.3
	2.7 ± 0.3
	2.9 ± 0.1
	

	
	
	
	
	
	
	
	
	
	Insula right
	2.7 ± 0.3
	2.7 ± 0.2
	2.9 ± 0.2
	

	
	
	
	
	
	
	
	
	
	Parahippocampus right
	2.9 ± 0.3
	2.9 ± 0.4
	3.0 ± 0.2
	

	Hidalgo de la Cruz et al. (2017)
	122 MS
94 HC
	36 MS-HF
86 MS-LF

	MS-HF: 
44.3 ± 12.4 
MS-LF: 
35.0 ± 11.8 
HC: 
41.5 ± 14.6
	MS-HF: 13/23 
MS-LF: 37/49 
HC: 46/48
	MS-HF: 4.0 (0.0-6.5)
MS-LF: 1.5 (0.0-8.0)

	MS-HF: 13.4 ± 9.8
MS-LF: 10.8 ± 6.2 

	MFIS
[>38 (Total)]
MS-HF: 48.0 (38.0-70.0)
MS-LF: 20.0 (0.0-37.0)

	MRI (DTI), fMRI
3.0 Tesla scanner



	Normalised brain volume (ml) 
	1502 ± 102
	1545 ± 86
	1577 ± 84
	Significantly higher T1 and T2 lesion volumes and lower normalised brain volume and grey matter volume in MS-HF vs MS-LF. Resting state functional connectivity was not significantly different for MS-HF vs MS-LF or HC.

	
	
	
	
	
	
	
	
	
	Grey matter volume (ml)
	682 ± 74
	720 ± 58
	736 ± 57
	

	
	
	
	
	
	
	
	
	
	White matter volume (ml)
	819 ± 42
	826 ± 46
	841 ± 43
	

	
	
	
	
	
	
	
	
	
	T1 lesion volume (ml)
	6.0 ± 6.5
	3.5 ± 3.5
	
	

	
	
	
	
	
	
	
	
	
	T2 lesion volume (ml)
	9.0 ± 8.3
	5.7 ± 5.3
	
	

	
	
	
	
	
	
	
	
	
	nRThal volume (ml)
	9.6 ± 1.2
	9.8 ± 0.9
	10.3 ± 0.8
	

	
	
	
	
	
	
	
	
	
	nLThal volume (ml)
	9.8 ± 1.0
	10.1 ± 0.9
	10.7 ± 0.8
	

	Jaeger et al. (2018)
	77 RR
41 HC
	39 MS-HF
38 MS-LF
	MS-HF: 
40 (18)
MS-LF: 
34.5 (18)
HC: 
36 (21)
	MS-HF: 7/32
MS-LF: 14/24
HC: 15/26
	MS-HF: 2.5 (1)
MS-LF: 2 (1.5)

	MS-HF: 6.8 (10.3)
MS-LF: 5.1 (9.1)

	FSS
[>4 (Mean)]
MS-HF: 
5.2 (1.3)
MS-LF: 
2.6 (1.9)
HC: 
1.9 (1.3)
	MRI, fMRI 
3.0 Tesla (Siemens Tim Trio scanner)



	Total T1 white matter lesion volume (ml)
	3.7 (2.9)
	3.6 (4.2)
	

	Significantly reduced functional connectivity of the whole caudate nucleus with sensorimotor and frontal, parietal, and temporal cortex regions in MS-HF vs MS-LF and HC. T1 lesion volume, normal brain volume, grey matter volume and white matter volume was not significantly different for MS-HF vs MS-LF but was lower for MS-HF than HC.

	
	
	
	
	
	
	
	
	
	Normalised brain volume (ml)
	1522.4 ± 65.5
	1548 ± 88.4
	1565.5 ± 82.3
	

	
	
	
	
	
	
	
	
	
	Grey matter volume (ml)
	804.2 ± 57.2
	824.2 ± 63.8
	829 ± 63.6
	

	
	
	
	
	
	
	
	
	
	White matter volume (ml)
	718.2 ± 41.2
	723.8 ± 38.1
	736.5 ± 40.6
	

	
	
	
	
	
	
	
	
	
	Caudate volume (ml)
	9.3 ± 1.0
	9.5 ± 0.78
	9.7 ± 1.08
	

	
	
	
	
	
	
	
	
	
	Putamen volume (ml)
	12.5 ± 0.9
	12.7 ± 0.9
	13.3 ± 0.9
	

	Lin et al. (2019)^
	34 RR
14 SP
4 PP
6 RSP
26 HC 
	33 MS-HF
25 MS-LF
	MS-HF: 
53 ± 9.4
MS-LF:  
53.6 ± 11.1
HC: 
49.85± 14.4 
	MS-HF:  8/25 
MS-LF: 14/11
HC:  8/18
	MS-HF:  4.0 (2.5-6.5) 
MS-LF:  2.5 (1.5-3.5)

	MS-HF: 24 ± 11.3
MS-LF:  18.8 ± 8.8

	FSS
[>5 (Mean)]
MS-HF: 
5.7 ± 0.9 
MS-LF:  
2.6 ± 0.9
HC:  
2.59 ± 1.26

	MRI, fMRI 
3.0 Tesla 
(GE Signa Excite HD 12.0 8-channel scanner)
	T2 lesion volume (ml)
	18.8 ± 22.0
	12.0 ± 14.5
	0.48 ± 1.23
	Decreased functional connectivity for MS vs HC between the left medial thalamic nuclei and left angular gyrus and reduced functional connectivity between the left posterior thalamic nuclei and left supramarginal gyrus, as well as decreased right medial thalamic nuclei connectivity with bilateral caudate/thalamus and left cerebellar areas. MS also had increased FC between the left anterior thalamic nuclei and anterior cingulate cortex bilaterally. Data for MS-HF and MS-LF obtained by communication with the author.


	
	
	
	
	
	
	
	
	
	Intracranial volume (ml)
	1439.8 ± 81.1
	1419.4 ± 66.5
	1457.8 ± 143.5
	

	
	
	
	
	
	
	
	
	
	Thalamus volume (ml)
	13.2 ± 1.2
	13.4 ± 1.5
	15.1 ± 1.3
	

	Morgante et al. (2011)**
	33 RR
12 HC
	16 MS-HF
17 MS-LF




	MS-HF: 
41.1 ± 10.9
MS-LF: 
38 ± 9.4

	MS-HF: 7/9
MS-LF: 4/13

	MS-HF: 1.8 ± 0.6
MS-LF: 1.6 ± 0.6


	MS-HF: 8.4 ± 3.4
MS-LF: 7.9 ± 3.8 


	FSS
[>4 (Mean)]
MS-HF: 
4.9 ± 0.8
MS-LF: 
2.2 ±  0.9


	MRI
1.5 Tesla scanner (Magnetom Impact)


	Total brain volume (ml)
	983.8 ± 102.8
	995.7 ± 72.6
	
	Significantly higher T1 lesion volume in MS-HF vs MS-LF. Total brain volume, grey matter volume, white matter volume and T1 and T2 lesion volumes were not significantly different for MS-HF vs MS-LF. 

	
	
	
	
	
	
	
	
	
	Grey matter volume (ml)
	425.6 ± 64.4
	447.1 ± 50.7
	
	

	
	
	
	
	
	
	
	
	
	White matter volume (ml)
	558.2 ± 84.4
	548.6 ± 58.5
	
	

	
	
	
	
	
	
	
	
	
	T1 lesion volume (ml)
	1.3 ± 1.6
	0.8 ± 1.0
	
	

	
	
	
	
	
	
	
	
	
	T2 lesion volume (ml)
	4.3 ± 5.0
	3.2 ± 3.4
	
	

	Niepel et al. (2006) 
	34 RR
19 HC

	20 MS-HF
11 MS-LF



	MS: 
38 (32-42)

	MS: 7/27

	MS: 2.5 (2-3)

	MS: 9 (3-13)

	FSS
[≥5 (Mean)]
MS-HF≥5
MS-LF≤4
Means for the 2 MS groups not reported.

	MRI 
1.5 Tesla scanner (Vision MT)


	T2 lesion volume (ml)
	5.9 (2.9-12.7)
	4.2 (2.0-7.4)
	

	Median T2 lesion volume was not significantly different for MS-HF vs MS-LF.


	Pardini et al. (2010)
	40 RR

	15 MS-HF
25 MS-LF







	MS-HF: 
41.3 ± 4.4
MS-LF:
36.0 ± 9.0

	MS:12/28

	MS-HF: 1.6 ± 1.2
MS-LF: 
1.5 ± 0.7

	MS-HF: 5.9 ± 7.3 
MS-LF:
5.8 ± 3.9

	MFIS  
[>38 (Total)]
MS: 31.1 ± 18.0
MS-HF: 
20.2 ± 10.0
MS-LF:
51.4 ± 9.9

	MRI (DTI)
1.5 Tesla scanner (MR system) 



	T2 Lesion load-volume (ml)
	8.6 ± 16.8
	7.4 ± 9.5
	





	Significant involvement of different frontal (fronto-frontal, fronto-straital, fronto-occipital and fronto-limbic) networks in the pathophysiology of MS fatigue. Significant correlation between MFIS and white matter regions, within fronto-striatal networks.

	
	
	
	
	
	
	
	
	
	Normalised Brain Volume (ml)
	1600 ± 900
	1500 ± 200
	
	

	Pellicano et al. (2010)^
	20 RR
4 SP
24 HC
	8 MS-HF 
16 MS-LF

	MS: 
45.4 ± 9.7
HC: 
45.1 ± 11.1
	MS: 7/17
HC: 7/17 
	MS: 1.5 (0.0-6.5)

	MS: 
12.6 ± 8.4

	MFIS  
[>38 (Total)]
MS: 
30.3 ± 16.1
HC: 
13.4 ± 12.1

	MRI
3.0 Tesla scanner
(Sigma MI)




	T2 Lesion volume (ml)
	10.33 ± 9.8
	8.60 ± 6.3
	
	T2 lesion volume was significantly higher and thickness of the posterior and inferior parietal cortex, supramarginal gyrus and thalamus volume lower for MS-HF vs MS-LF. 


	Pravata et al. (2016)




	22 RR
12 HC
	11 MS-HF
11 MS-LF
12 HC
	MS-HF:
46.6 ± 9.3
MS-LF:
40.0 ± 5.8
HC: 41.4 ± 8.0
	MS-HF:
7/4
MS-LF:7/4
HC: 6/6

	MS-HF: 2.5 (0-3.5)
MS-LF:
1.5 (0-3.0)
	MS-HF:
9.5 ± 3.8
MS-LF:
6.0 ± 4.4
	FSMC [≥22 (Cognitive Scale)]
MS-HF: 
33.6 ± 4.8
MS-LF: 
14.3 ± 3.8
HC: 
14.4 ± 4.1


	MRI/fMRI
(3.0 Tesla Siemens “Skyra” scanner)

	Brain resting-state functional connectivity (RS-FC) scans before, immediately after and 30 min after execution of the paced auditory serial addition test (PASAT).
	Data reported as graphs and correlation coefficients.
	Data reported as graphs and correlation coefficients.
	Data reported as graphs and correlation coefficients.
	MS-HF experienced stronger RS-FC 30 min post-PASAT between the left superior frontal gyrus and occipital, frontal and temporal areas. Also, in MS-HF, the left superior frontal gyrus was hyperconnected with the left caudate nucleus immediately post task and hypoconnected at 30 min post with the left anterior thalamus.


	Riccitelli et al. (2011)
	24 RR
14 HC
	10 MS-HF
14 MS-LF
	MS-HF: 
38.0 ± 7.7
MS-LF: 
38.6 ± 8.5 
HC: 
38.7 ± 8.4
	MS-HF:  6/4 
MS-LF: 6/8  
HC: 
6/8
	MS-HF: 1.5 (1.5-2.0)
MS-LF: 1.5 (0-1.5)
 
	MS-HF: 8.2 ± 6.2 
MS-LF: 10.6 ± 6.6


	FSS
[>4 (Mean)]
MS-HF: 
4.4 (4-6.1)
MS-LF: 2.1 (1.4-3.3)

	MRI
1.5 Tesla scanner (Vision)





	Total brain volume (ml)
	1596 ± 79
	1560 ± 51
	1649 ± 48
	Significantly greater atrophy of left central sulcus, precentral gyrus and primary motor cortex region in MS-HF vs MS-LF and HC. T2 lesion volume, total brain volume, white matter volume, grey matter volume and intracranial volume were not significantly different for MS-HF vs MS-LF but were lower compared to HC.


	
	
	
	
	
	
	
	
	
	Grey matter volume (ml)
	795 ± 66
	770 ± 45
	826 ± 58
	

	
	
	
	
	
	
	
	
	
	White matter volume (ml)
	801 ± 55
	790 ± 60
	822 ± 42
	

	
	
	
	
	
	
	
	
	
	T2 Lesion load-volume (ml)
	7.7 ± 5.0
	8.9 ± 10.7
	
	

	Rocca et al. (2009) 
	24 RR
14 HC


	11 MS-HF
13 MS-LF


	MS-HF: 
33.8 ± 6.2
MS-LF: 
31.2 ± 4.3
HC: 
32.2 ± 5.5
	MS-HF: 1/10
MS-LF: 1/12
HC: 2/12

	MS-HF: 1.0 (0.0-1.5)
MS-LF: 1.0 (0.0-1.5)


	MS-HF: 
6 (2-12)
MS-LF: 
6 (2-10)
 


	FSS
[25 (Total)]
MS-HF: 
37.7 ± 7.7
MS-LF: 
15.6 ± 4.8 
	MRI, fMRI 
1.5 Tesla scanner (Vision Siemens)



	Normalised brain volume (ml)
	1493 ± 131
	1540 ± 100
	1519 ± 115
	T2 lesion volume and normalised brain volume were similar for MS-HF and MS-LF and for MS vs HC. fMRI disruption in frontal-parietal lobes and basal ganglia regions in MS-HF vs MS-LF.

	
	
	
	
	
	
	
	
	
	T2 lesion volume (ml)
	8.1 ± 8.5
	8.8 ± 6.0
	
	

	Rocca et al. (2012)
	35 RR
20 HC
	20 MS-HF
15 MS-LF
	MS-HF:  
38.8 (29-65)
MS-LF: 
38.8 (29-60)  
HC: 
37.3 (24-53) 

	MS-HF: 6/14
MS-LF: 8/7  
HC: 7/13

	MS-HF: 3.5 (1.5-5.5) 
MS-LF: 3.0 (0-5.0)   


	MS-HF: 10.5 (2-23) 
MS-LF: 11.2 (0.5-27)   


	FSS
[>4 (Mean)]
MS-HF: 
4.7 (4-6)  
MS-LF: 
2.2 (1-3.9)  


	MRI (DTI), fMRI
1.5 Tesla scanner (Siemens Magnetom)


	T2 lesion volume (ml)
	6.6 ± 6.1
	22.1 ± 16.5
	
	Significantly greater brain white matter fractional anisotropy and reduced fMRI activation in the left anterior and posterior cervical cord quadrants in MS-HF vs MS-LF and HC.

	
	
	
	
	
	
	
	
	
	Mean diffusivity (×10−3 mm2/s)
	
	
	
	

	
	
	
	
	
	
	
	
	
	Grey matter average
	0.94 ± 0.06
	0.97 ± 0.07
	0.89 ± 0.03
	

	
	
	
	
	
	
	
	
	
	White matter average
	0.79 ± 0.02
	0.82 ± 0.06
	0.77 ± 0.02
	

	
	
	
	
	
	
	
	
	
	Cervical cord average
	0.94 ± 0.09
	0.96 ± 0.04
	0.85 ± 0.09
	

	
	
	
	
	
	
	
	
	
	Fractional anisotropy (FA)
	
	
	
	

	
	
	
	
	
	
	
	
	
	White matter average
	0.39 ± 0.02
	0.36 ± 0.03
	0.41 ± 0.02
	

	
	
	
	
	
	
	
	
	
	Cervical cord average
	0.47 ± 0.04
	0.49 ± 0.04
	0.59 ± 0.06
	

	Rocca et al. (2014) 
	63 RR
35 HC
	31 MS-HF 
32 MS-LF

	MS-HF: 
41 (23-63)
MS-LF: 
39.5 (27-58) 
HC: 
40.7 (23-63)
	MS-HF: 14/17
MS-LF: 15/17
HC: 16/19
	MS-HF: 2.5 (1.0-5.5)
MS-LF: 2.0 (1.0-6.5)

	MS-HF: 13.0 (0.6-32)
MS-LF: 11.65 (0.8-25.5)

	FSS
[>4 (Mean)]
MS-HF: 
5.0 (4-6.4)
MS-LF: 
2.1 (1.2-3.8)

	MRI (DTI)
3.0 Tesla scanner
(Intera; Philips Medical Systems)


	Normalised brain Volume (ml)
	1477 ± 109
	1525 ± 90
	1572 ± 93
	Significantly greater T2 lesion volume and atrophy of the right accumbens, right inferior temporal gyrus, left superior frontal gyrus, and forceps major in MS-HF vs MS-LF and HC.  Lower fractional anisotropy (forceps major, left inferior fronto occipital fasciculus and right anterior thalamic radiation) in MS-HF vs MS-LF and HC. T1 lesion volume, normal brain volume, grey matter volume and white matter volume were not significantly different for MS-HF vs MS-LF but were lower compared to HC.


	
	
	
	
	
	
	
	
	
	Grey matter Volume (ml)
	665 ± 85
	691 ± 60
	726 ± 58
	

	
	
	
	
	
	
	
	
	
	White matter Volume (ml)
	811 ± 46
	835 ± 61
	846 ± 52
	

	
	
	
	
	
	
	
	
	
	T1 lesion volume (ml)
	6.0 ± 6.1
	5.7 ± 5.6
	0.02 ± 0.04
	

	
	
	
	
	
	
	
	
	
	T2 lesion volume (ml)
	8.7 ± 9.7
	8.5 ± 8.1
	0.03 ± 0.09
	

	
	
	
	
	
	
	
	
	
	Mean cortical lesions (ml)
	2 (0-6)
	1 (0-8)
	
	

	
	
	
	
	
	
	
	
	
	Thalamus
volume (ml)
	14.03 ± 1.13
	14.27 ± 1.27
	15.90 ± 1.13
	

	
	
	
	
	
	
	
	
	
	Caudate volume (ml)
	6.12 ± 0.64
	6.43 ± 0.71
	6.77 ± 0.57
	

	
	
	
	
	
	
	
	
	
	Putamen volume (ml)
	8.48 ± 0.71
	8.69 ± 0.92
	9.18 ± 0.71
	

	
	
	
	
	
	
	
	
	
	Accumbens volume (ml)
	0.75 ± 0.13
	0.85 ± 0.14
	0.85 ± 0.13
	

	
	
	
	
	
	
	
	
	
	Amygdala volume (ml)
	2.70 ± 0.22
	2.67 ± 0.22
	2.59 ± 0.22
	

	
	
	
	
	
	
	
	
	
	Hippocampus volumen (ml)
	6.87 ± 0.57
	7.05 ± 0.64
	7.30 ± 0.50
	

	
	
	
	
	
	
	
	
	
	Pallidus volumen (ml)
	3.16 ± 0.28
	3.28 ± 0.28
	3.26 ± 0.28
	

	
	
	
	
	
	
	
	
	
	Mean diffusivity (×10−3 mm2/s):
	
	
	
	

	
	
	
	
	
	
	
	
	
	Grey matter
	0.92 ± 0.05
	0.92 ± 0.05
	0.90 ± 0.04
	

	
	
	
	
	
	
	
	
	
	White matter
	0.78 ± 0.03
	0.78 ± 0.03
	0.76 ± 0.02
	

	
	
	
	
	
	
	
	
	
	Fractional anisotropy:
	
	
	
	

	
	
	
	
	
	
	
	
	
	Grey matter
	0.16 ± 0.01
	0.16 ± 0.01
	0.15 ± 0.01
	

	
	
	
	
	
	
	
	
	
	White matter
	0.38 ± 0.02
	0.38 ± 0.02
	0.39 ± 0.02
	

	Rocca et al. (2016)
	79 RR
26 HC
	50 MS-HF 
29 MS-LF




	MS-HF: 
42.6 ± 11.2
MS-LF:
40.0 ± 9.1 
HC: 
39.2 ± 13.4
	MS-HF: 17/33 MS-LF:
10/19 
HC: 9/17
	MS-HF: 2.0 (1.0-4.0)
MS-LF:
1.5 (0.0-4.0)

	MS-HF: 12.9 ± 8.2 
MS-LF: 
10.6 ± 7.6

	MFIS
[>38 (Total)]
MS-HF: 
50.4 (38-71)
MS-LF: 
22.5 (4-35)


	MRI/fMRI 
3.0 Tesla
(Intera; Philips Medical Systems)


	Normalised brain volume (ml) 
	1434 ± 117
	1448 ± 118
	1566 ± 296
	Abnormal recruitment of sensorimotor networks in fronto-parietal–temporal lobes and basal ganglia. Normalised brain volume, grey matter volume, white matter volume, T1 and T2 lesion volumes were not significantly different for MS-HF vs MS-LF or HC.


	
	
	
	
	
	
	
	
	
	Grey matter volume (ml)
	637 ± 80
	648 ± 80
	766 ± 58
	

	
	
	
	
	
	
	
	
	
	White matter volume (ml)
	795 ± 43
	800 ± 43
	858 ± 41
	

	
	
	
	
	
	
	
	
	
	T1 Lesion volume (ml)
	4.4 ± 5.6
	4.1 ± 4.5
	
	

	
	
	
	
	
	
	
	
	
	T2 Lesion volume (ml)

	6.2 ± 7.5
	5.7 ± 6.0
	
	

	Roelcke et al. (1997)
	37 MS
16 HC
	19 MS-HF
16 MS-LF
16 HC
	MS-HF: 
43 ± 8
MS-LF: 
42 ± 10
HC: 
40 ± 15
	MS-HF:
8/11
MS-LF:
7/9
HC: 7/9

	MS-HF: 3.6 ± 1.3
MS-LF: 3.9 ± 1.7

	MS-HF: 10 ± 8
MS-LF:
14 ± 8
	FSS 
[>5 (Mean)]
MS-HF: 
6.0 ± 0.6
MS-LF:
2.7 ± 0.8

	FDG-PET scans 933/04-16 tomograph (CTI, Knoxville, 4 rings, 7 planes, 8 mm FWHM)
	Regional and global cerebral glucose metabolism using PET and 18F-fluorode-oxyglucose.
	
	
	
	Reduced cerebral glucose metabolism bilaterally for MS-HF versus MS-LF in the prefrontal area involving the lateral and medial prefrontal cortex and adjacent white matter, in the premotor cortex, putamen, and the right supplementary motor area. Reductions also observed in the white matter extending from the rostral putamen toward the lateral head of the caudate nucleus. Suggests MS fatigue is associated with frontal cortex and basal ganglia dysfunction.


	
	
	
	
	
	
	
	
	
	Global metabolic rate of glucose (mol/100 mL/min)
	34.7 ± 4.4
	35.4 ± 4.5
	43.3 ± 6.9
	

	Sander et al. (2016) 
	30 RR 12 SP
13 HC
	17 MS-HF
25 MS-LF

	MS-HF: 
42.8 ± 12.8
MS-LF: 
50.5 ± 8.8
HC: 
48.6 ± 5
	MS-HF: 10/18,
MS-LF: 5/9
HC: 4/9
	MS-HF: 4.6 ± 1.3
MS-LF:
3.0 ± 2.0 

	
	FSMC [28 (Cognitive fatigue scale)]

FSMC (Cog):
MS-HF:
36.5 (21)
MS-LF:
21.0 (14)
FSS:
MS-HF:
46 (10.6)
MS-LF:
29 (10.3)


	MRI (DTI)
3.0 Tesla scanner (Siemens Skyra)



	Brain parenchymal fraction (%)
	81 ± 4
	81 ± 4
	85 ± 15
	Brain parenchymal fraction, total brain volume, lateral ventricle volume, third and fourth ventricle volume, T1 lesion volume, axial and radial diffusivity were not significantly different for MS-HF vs MS-LF but differed from HC.

	
	
	
	
	
	
	
	
	
	T1 lesion volume (ml)
	3.71 ± 2.57
	7.07 ± 15.77
	0.03 ± 0.08
	

	
	
	
	
	
	
	
	
	
	Total brain volume (ml)
	1201 ± 109
	1219 ± 131
	1281 ± 73
	

	
	
	
	
	
	
	
	
	
	Lateral ventricles
	40.92 ± 24.68
	36.00 ± 30.87
	16.78 ± 6.43
	

	
	
	
	
	
	
	
	
	
	Third and fourth ventricle volume
	4.22 ± 1.47
	3.43 ± 4.46
	2.72 ± 1.27
	

	
	
	
	
	
	
	
	
	
	Corpus callosum index
	0.326 ± 0.067
	0.329 ± 0.068
	0.43 ± 0.05
	

	
	
	
	
	
	
	
	
	
	Axial and radial diffusivity of the corpus callosum

	0.0013 ± 0.0001
	0.0013 ± 0.0001
	0.0012 ± 0.0000
	

	Sepulcre et al. (2009)^
	28 RR
5 PP
5 SP
22 CIS
20 HC

	43 MS-HF 
17 MS-LF


	MS: 
36.4 ± 9
HC: 
37.4 ± 8.7
	MS: 22/38
HC: 8/12
	MS: 2.0 (0.0-7.0)

	MS: 
2.7 (1-36)

	MFIS-5 (score range = 0-20)  
[<5 used to define absence of fatigue]

Means for the 2 MS groups not reported.

	MRI 
1.5 Tesla scanner (Siemens Symphony)

	T1 Lesion volume (ml)
	18.4 ± 6.5
	6.5 ± 3.2
	
	Greater grey matter atrophy (left superior frontal gyrus, bilateral middle frontal gyrus) in MS-HF vs MS-LF. Higher T1 and T2 lesion volumes for MS-HF vs MS-LF (left frontal and right parieto-temporal white matter regions mainly affected). Reported T1 and T2 gadolinium enhancing lesion volumes, so data were excluded from the meta-analysis.


	
	
	
	
	
	
	
	
	
	T2 Lesion volume (ml)
	56.6 ± 16.8
	19.1 ± 8.3
	
	

	Specogna et al. (2012)
	24 RR
15 HC
	12 MS-HF
12 MS-NF
15 HC
	MS-HF: 40.9 ± 8.9
MS-LF:
38.7 ± 8.1

	MS: 4/20
	MS-HF: 
Mean=1.5
MS-LF:
Mean=1.5
	MS:
Mean=7
	FSS [>5]

Means for the 2 MS groups not reported.
	MRI 1.5 Tesla scanner (Philips Achieva)
	Cortical activation during execution of a motor task (sequential finger tapping). 
	Data presented as brain scans and activation coordinates.
	Data presented as brain scans and activation coordinates.
	Data presented as brain scans and activation coordinates.
	MS-HF demonstrated greater activation of the right premotor area, putamen and dorsolateral prefrontal cortex (i.e. motor attentional network) in comparison with MS-LF.

	Stefancin et al. (2019)
	22 RR







	10 MS-HF
12 MS-LF

	MS-HF: 
27.0 ± 5.5
MS-LF:
25.8 ± 5.4

	MS-HF:
3/7
MS-LF:
6/4

	MS-HF:
2.3 (0-6)
MS-LF:
1.2 (0-4)

	MS-HF:
5.5 ± 3.8
MS-LF:
5.8 ± 3.8

	FSS [>4 (mean)]
MS-HF: 
5.5 ± 0.9
MS-LF:
2.0 ± 0.8

	MRI
3T Siemens Biograph mMR
	T2 Lesion volume (ml)
	4.7 ± 2.8
	12.4 ± 19.6
	
	No significant difference in T2 lesion volume between MS-HF and MS-LF.

	Tartaglia et al. (2004)
	60 MS
	34 MS-HF
26 MS-LF
	MS-HF: 
42.1 ± 6.9
MS-LF: 
38.1 ± 10.2
	
	MS-HF: 3.8 ± 2.2 
MS-LF: 2.7 ± 2.2
	MS-HF: 10.59 ± 7.3 
MS-LF: 10.35 ± 9.5 
	FSS
[>5 (Mean)]
RRMS: 
4.66 ± 1.5
SPMS: 
4.67 ± 1.8

	MRS
1.5 Tesla scanner (Phillips Medical)

	T2 Lesion volume (ml)
	13.44 ± 13.4
	11.24 ± 13.2
	

	Significantly lower NAA/Cr in MS-HF vs MS-LF, suggesting diffuse periventricular axonal injury is associated with MS fatigue.

	
	
	
	
	
	
	
	
	
	NAA/Cr
	2.69 ± 0.29
	2.99 ± 0.33
	
	

	
	
	
	
	
	
	
	
	
	CHO/Cr
	1.44 ± 0.15
	1.48 ± 0.18
	
	

	Tedeschi et al. (2007)
	222 RR

	197 MS-HF 
25 MS-LF

	MS-HF: 
39.0 ± 9.2
MS-LF: 
34.0 ± 9.1 
	


	EDSS 2


	MS-HF: 10 ± 6.6 
MS-LF: 
6 ± 5.7 
	FSS [5 (Mean)]

Means for the 2 groups not reported.

	MRI
1.0 Tesla scanner (Genesys Sigma)

 
	Abnormal white matter fraction
	0.02 ± 0.01
	0.01 ± 0.01
	
	Significantly higher lesion volume, white matter and grey matter atrophy in MS-HF vs MS-LF.

	
	
	
	
	
	
	
	
	
	White matter fraction
	0.34 ± 0.03
	0.35 ± 0.03
	
	

	
	
	
	
	
	
	
	
	
	Grey matter fraction
	0.49 ± 0.04
	0.52 ± 0.03
	
	

	
	
	
	
	
	
	
	
	
	T1 lesion volume (ml)
	2.6 ± 3.8
	0.9 ± 1.7
	
	

	
	
	
	
	
	
	
	
	
	T2 lesion volume (ml)
	17.5 ± 16.7
	7.1 ± 6.6
	
	

	Tellez et al. (2008)
	40 RR 
21 HC
	17 MS-HF
13 MS-LF
	MS-HF: 
38.5 ± 7.6
MS-LF: 
37.8 ± 9.8

	MS-HF: 4/13 
MS-LF: 
3/10


	MS-HF: 2.5 (1.0-3.0)
MS-LF: 
1.5 (0.3.0)


	MS-HF: 9.3 ± 7.3 
MS-LF:
7.0 ± 6.2 


	FSS
[5 (Mean)]
MS: 4.8 ± 1.5
MS-HF: 
5.9 ± 0.7
MS-LF: 
3.6 ± 1.15
HC: 
3.2 ± 1.2












	MRS
1.5 Tesla scanner (Magnetom Vision)




	Frontal white matter lesion volume (%)
	0.12 ± 0.18
	0.09 ± 0.02
	
	Significantly lower NAA/Cr in the lentiform nucleus region in MS-HF vs MS-LF and HC, indicative of axonal dysfunction.

	
	
	
	
	
	
	
	
	
	Lentiform nucleus lesion volume (%)
	0.03 ± 0.05
	0.01 ± 0.04
	
	

	
	
	
	
	
	
	
	
	
	NAA/Cr
	
	
	
	

	
	
	
	
	
	
	
	
	
	Frontal white matter
	1.67 ± 0.17
	1.73 ± 0.12
	1.77 ± 0.19
	

	
	
	
	
	
	
	
	
	
	Lentiform nucleus
	1.36 ± 0.09
	1.48 ± 0.10
	1.47 ± 0.13
	

	
	
	
	
	
	
	
	
	
	NAA/Cho
	
	
	
	

	
	
	
	
	
	
	
	
	
	Frontal white matter
	1.48 ± 0.24
	1.53 ± 0.17
	1.45 ± 0.24
	

	
	
	
	
	
	
	
	
	
	Lentiform nucleus
	1.86 ± 0.30
	1.92 ± 0.50
	1.88 ± 0.40
	

	
	
	
	
	
	
	
	
	
	Cho/Cr
	
	
	
	

	
	
	
	
	
	
	
	
	
	Frontal white matter
	1.14 ± 0.17
	1.14 ± 0.12
	1.15 ± 0.33
	

	
	
	
	
	
	
	
	
	
	Lentiform nucleus
	0.81 ± 0.13
	0.76 ± 0.14
	0.81 ± 0.20
	

	Tomasevic et al. (2013)** 
	20 RR

	11 MS-HF
9 MS-LF


	MS-HF: 
38.5 ± 3.2
MS-LF: 
35.9 ± 7.8

	MS-HF: 3/8 
MS-LF: 3/6 

	MS-HF: 0.4 ± 0.5
MS-LF: 0.3 ± 0.5  


	MS: 
4.7 ± 3.8



	MFIS-physical scale  
[16 (Mean)]
MS-HF: 
36.6 ± 10.2
MS-LF: 
16.6 ± 8.6 

	MRI
1.5 Tesla scanner (Achieva, Phillips)










	Brain parenchymal fraction (%)
	82 ± 1
	81 ± 2
	
	T2 lesion volume, thalamus volume and brain parenchymal fraction were not significantly different for MS-HF vs MS-LF.

	
	
	
	
	
	
	
	
	
	T2 lesion volume (ml)
	11.0 ± 8.3
	17.2 ± 8.1
	
	

	
	
	
	
	
	
	
	
	
	Lesion relative fraction (%)
	0.02 ± 0.01
	0.03 ± 0.03
	
	

	
	
	
	
	
	
	
	
	
	Thalamus volume (ml):
	14.6 ± 1.8
	13.4 ± 1.6
	
	

	
	
	
	
	
	
	
	
	
	Central sulcus cortical thickness (mm):
	
	
	
	

	
	
	
	
	
	
	
	
	
	Left
	1.71 ± 0.07
	1.73 ± 0.18
	
	

	
	
	
	
	
	
	
	
	
	Right  
	1.70 ± 0.09
	1.67 ± 0.18
	
	

	van der Werf et al. (1998)
	26 RR
19 SP
	32 MS-HF
13 MS-LF
	MS:
37.6 ± 8.4
	RR: 8/18
SP: 9/10
	MS: Mean=3.5
	
	Feeling tired several times a week; Daily fatigue score (range: 0-16)

Means for the 2 MS groups not reported.

	MRI 1.0 Tesla proton density & T2-weighted spin echo
	Conventional T1- and T2-weighted MRI provided several measures for cerebral abnormalities.
	Data reported as graphs and correlation coefficients. 
	Data reported as graphs and correlation coefficients.
	
	Regional lesion load was not significantly different for MS-HF vs MS-LF. Fatigue severity was not related to the total extent of cerebral abnormalities, or to MRI-based atrophy measures. Suggests factors other than focal lesions or cerebral atrophy mediate levels of perceived MS fatigue.


	Wilting et al. (2016)
	79 MS
40 HC
	38 MS-HF
41 MS-LF
40 HC
	MS-HF: 34.5 (20-58)
MS-LF: 30 (17-54)
	MS-HF: 8/30
MS-LF:
15/26
HC: 22/18
	MS-HF: 1.5 (0-5.5)
MS-LF: 0.5 (0-3.5)
	MS-HF: 
2 (0-10)
MS-LF:
2 (0-10)
	FSMC [>27 (Cognitive Scale)]

Means for the 2 MS groups not reported.
	MRI (DTI) 3 Tesla scanner (Magnetom Tim Trio, Siemens)
	Lesion volume (ml)
	3.5 (0.4-41.2)
	1.9 (0.1-30.6)
	
	Significant reduction in global grey matter fraction was found for MS-HF versus HC but not MS-LF. Reduced fractional anisotropy and increased mean diffusivity values were found in MS-HF versus MS-LF for the thalamus and basal ganglia, including the caudate nucleus, globus pallidus and putamen. Suggests morphologic and microstructural alterations in thalamic regions are related to cognitive fatigue in early MS. Fractional anisotropy and mean diffusivity values in the thalamus were significantly correlated with information processing speed, cognitive flexibility and overall cognitive impairment. 




	
	
	
	
	
	
	
	
	
	Mean grey matter fraction (%)
	0.440 ± 0.036
	0.443 ± 0.027
	0.456 ± 0.025
	

	
	
	
	
	
	
	
	
	
	Mean white matter fraction (%)
	0.395 ± 0.025
	0.392 ± 0.026
	0.394 ± 0.023
	

	
	
	
	
	
	
	
	
	
	Mean cerebrospinal fluid fraction (%)
	0.165 ± 0.028
	0.164 ± 0.024
	0.150 ± 0.024
	

	
	
	
	
	
	
	
	
	
	Brain parenchymal fraction (%)
	0.835 ± 0.028
	0.836 ± 0.024
	0.850 ± 0.024
	

	
	
	
	
	
	
	
	
	
	Thalamus fractional anisotropy 
	0.275 ± 0.027
	0.289 ± 0.021
	0.300 ± 0.015
	

	
	
	
	
	
	
	
	
	
	Thalamus mean diffusivity (×10−3 mm2/s)
	1.426 ± 0.334
	1.266 ± 0.221
	1.139± 0.115
	

	
	
	
	
	
	
	
	
	
	Basal ganglia fractional anisotropy 
	0.252 ± 0.014
	0.255 ± 0.015
	0.262 ± 0.012
	

	
	
	
	
	
	
	
	
	
	Basal ganglia mean diffusivity (×10−3 mm2/s)
	0.980 ± 0.146
	0.912 ± 0.116
	0.870 ± 0.077
	

	
	
	
	
	
	
	
	
	
	Frontal cortex fractional anisotropy 
	0.110 ± 0.005
	0.111 ± 0.006
	0.115 ± 0.004
	

	
	
	
	
	
	
	
	
	
	Thalamus mean diffusivity (×10−3 mm2/s)

	0.527 ± 0.047
	0.509 ± 0.039
	0.490 ± 0.029
	

	Yaldizli et al. (2011) 
	70 RR
	28 MS-HF
42 MS-LF
	MS-HF: 
43.7 ± 11.4 
MS-LF: 
40.4 ± 10.5 

	MS-HF: 4/24 
MS-LF: 5/37   

	MS-HF: 3.3 ± 1.2 
MS-LF: 2.4 ± 1.7 

	MS-HF: 10.7 ± 8.6
MS-LF: 
9 ± 6.8 

	FSS
[4 (Mean)]
MS-HF: 
5.27 ± 1.09 
MS-LF: 
2.1 ± 1.04 

	MRI
1.5 Tesla scanner 
(Sigma Magnetom)



	T2 Lesion load (ml)
	14.0 ± 54.4
	21.0 ± 55.4
	
	Significantly greater atrophy of corpus callosum in MS-HF vs MS-LF.  

	
	
	
	
	
	
	
	
	
	Black holes on T1weighted MRI:
	
	
	
	

	
	
	
	
	
	
	
	
	
	Yes
	8 ± 28.6
	32 ± 76.2
	
	

	
	
	
	
	
	
	
	
	
	No
	20 ± 71.4
	10 ± 23.8
	
	

	
	
	
	
	
	
	
	
	
	Contrast enhancing lesions on T1weighted MRI:
	
	
	
	

	
	
	
	
	
	
	
	
	
	Yes
	1 ± 3.6
	5 ± 11.9
	
	

	
	
	
	
	
	
	
	
	
	No
	27 ± 96.4
	37 ± 88.1
	
	

	Yarraguntla et al. (2019)
	30 RR








	16 MS-HF
14 MS-LF
	MS-HF: 
43 ± 2.9
MS-LF: 39 ± 1.7
HC:

	MS-HF:
4/12
MS-LF:
7/7
	MS-HF:
3 ± 0.4
MS-LF:
2.4 ± 0.6

	MS-HF:
10 ± 1.7
MS-LF:
8.6 ± 1.9
	FSS
[≥ 5.1 (mean)]
MS-HF:
6 ± 0.12
MS-LF:
1.89 ± 0.2
	MRI
Siemens 3T Verio MR scanner
	T2 lesion volume (ml)
	14 ± 2.5
	15.3 ± 5.9
	
	No significant difference in T2 lesion volume between MS-HF and MS-LF.

	Zaini et al. (2016) ^
	19 RR
18 HC
	10 MS-HF
9 MS-LF





	MS-HF: 
42 ± 8 
MS-LF: 
38 ± 5
HC: 
38 ± 7

	MS-HF: 10/0
MS-LF: 9/0
HC: 
18/0

	MS-HF: 1.8 (1.0-2.5)
MS-LF:
1.5 (1.0-1.5)

	






	FSS 
[>36 (Total)]
MS-HF: 
52 ± 6
MS-LF: 
22 ± 10 
HC: 
18 ± 4

	MRI, MRS
1.5 Tesla SCANNER (Siemens Sonata)


	T2 lesion volume (ml)
	11.6 ± 14.6
	5.5 ± 6.4
	
	Lower NAA/Cr concentration in the tegmentum of pons driven by higher Cr concentration in MS-HF vs HC (found in white matter regions). T2 lesion volume data obtained for MS-HF and MS-LF by communication with the lead author. 

	Zellini et al. (2009)
	32 RR
13 HC
	23 MS-HF 
9 MS-LF

	MS-HF: 
40 (32-42.5) 
MS-LF: 
36 (32-39)
HC: 
37 (30-43)

	MS-HF: 4/19 
MS-LF: 1/8  
HC: 
4/9
	MS-HF:
3 (2.5-4)
MS-LF: 2 (2-2.5)  

	MS-HF: 10 (3.5-12.5)
MS-LF: 
6 (2-12)

	FSS
[5 (Mean)]
MS-HF: 
5.8 (5.25-6.25)
MS-LF: 
3.4 (3.22-3.6)

	MRI
1.5 Tesla scanner (Vision MR) 



	T2 lesion volume (ml)
	3.53 (1.66-11.72)
	3.94 (1.98-4.83)
	
	T1 and T2 lesion volume was not significantly different for MS-HF vs MS-LF. 



Data are presented as mean  SD or median with intracortical range or total range in parentheses; ^ Original data received from the lead author; ** article has both structural and function neurophysiological measurements; RR, relapsing-remitting multiple sclerosis; SP, secondary progressive multiple sclerosis; PP, primary progressive multiple sclerosis; RSP, relapsing secondary progressive multiple sclerosis; EDSS, Extended Disability Status Scale; MS, Multiple Sclerosis; MS-HF, multiple sclerosis-highly fatigued; MS-LF, multiple sclerosis-less fatigued; HC, healthy controls; FSS, Fatigue Severity Scale; MFIS, Modified Fatigue Impact Scale; MRI, Magnetic Resonance Imagery, fMRI; Functional Magnetic Resonance Imagery.









































Supplementary Table 3b. Characteristics of neurophysiological studies included in this review (N=24)


	Author
	N (by disease type)
	MS Subgroups
	Age (y)
	Male/ Female
	EDSS Scores
	Disease
Duration (y)
	Perceived Fatigue Measure
	Technique
	Outcomes
	MS-HF
	MS-LF
	HC
	Summary of findings

	Andreasen et al. (2009)  
	40 RR

	19 MS-HF 
21 MS-LF
	MS-HF: 
43 (27-53)
MS-LF: 
39 (23-53)
	



	MS-HF: 
3.0 (1.0-3.5)
MS-LF: 
2.0 (1.5-3.5) 
	MS-HF: 
5.0 (1-14)
MS-LF: 
3.0 (0-9) 
	FSS 
[>5 (Mean)]
MS-HF: 
6.3 (5.0-7.0)
MS-LF: 
3.1 (1.0-4.0) 
	Biodex System 3 PRO (Biodex Medical Systems); 
Stimulator Digitimer model DS7 (Digitimer Ldt)

	Maximum voluntary contraction force (N)
	148 ± 32
	173 ± 49
	
	Significantly lower voluntary activation in MS-HF vs MS-LF. Maximum voluntary contraction force was not significantly different for MS-HF vs MS-LF.

	
	
	
	
	
	
	
	
	
	Voluntary activation (%)
	95.9 ± 5.1
	99.2 ± 0.99
	
	

	
	
	
	
	
	
	
	
	
	Peripheral activation (%)
	1.02 ± 0.08
	1.05 ± 0.14
	
	

	Andreasen et al. (2010)**
	34 RR
7 HC
	17 MS-HF  
17 MS-LF




	MS-HF: 
43 (27-53) 
MS-LF: 
39 (23-53)
HC: 
39 (31-45)

	MS-HF: 5/12
MS-LF: 9/8
HC:
1/6


	MS-HF: 
3 (1-3.5)
MS-LF: 
2 (1.5-3.5)
HC: 
0 (0-2) 
	MS-HF: 
5 (1-14)
MS-LF: 
3 (0-9) 

	FSS 
[>5 (Mean)]
MS-HF: 
6.3 (5-7) 
MS-LF: 
2.8 (1-4) 
HC: 
2.7 (2-4)
	Isometric dynam-ometer  


	Voluntary activation (%)
	98.1 (85.1-100)
	99.8 (96.9-100)
	
	Significantly lower voluntary activation in MS-HF vs MS-LF.

	Chalah et al. (2019)^ 
	6RR
16PP
16SP
	21 MS-HF
17 MS-LF


	MS-HF: 
51 (44-67)
MS-LF: 53 (34-62)
	MS-HF: 9/8
MS-LF: 11/10
	MS-HF: 
6.5 (5.5-6.5)
MS-LF: 
6.0 (3.0-6.5)
	MS-HF: 
11.9  6.6
MS-LF: 
11.5  5.3

	MFIS [45 (Total)]
MS-HF: 58.67 ± 8.85
MS-LF: 32.82 ± 6.61
	TMS
(MC125, Mag Venture)
	MEP threshold (%)
	54.7 ± 13.3
	61.6 ± 18.3
	
	SICI 2 ms (%) was significantly higher in MS-HF versus MS-LF. No difference between MS-HF and MS-LF for SICI 4 ms (%) or ICF 12 ms (%).

	
	
	
	
	
	
	
	
	
	SICI 2 ms (%)
	63.9 ± 20.9
	35.0 ± 40.8
	
	

	
	
	
	
	
	
	
	
	
	SICI 4 ms (%)
	44.3 ± 37.5
	9.5 ± 73.3
	
	

	
	
	
	
	
	
	
	
	
	ICF 12 ms (%)
	160.8 ± 68.9
	159.9 ± 78.2
	
	

	Cogliati Dezza et al. (2015)**
	27 MS
8 HC
	15 MS-HF
12 MS-LF





	MS-HF: 
37.3 ± 4
MS-LF: 
36.9 ± 7.5 
HC: 
37 (25-48)







	MS-HF: 4/11
MS-LF:
4/8 
HC: 
1/7
	MS-HF: 
1 (0-3)
MS-LF: 
1 (0-2) 

	MS-HF: 
3.9 ± 4.1
MS-LF: 
7.1 ± 3.9

	MFIS
[>36 (Total)]
MS-HF: 
42.1 ± 7.3
MS-LF: 
19.9 ± 8.6 


	EEG
(Micromed S.p.A., Mo- gliano Veneto)





	Inter-hemispheric symmetry index at rest:
	1.08 ± 0.08
	0.99 ± 0.10
	0.98 ± 0.08
	Significantly higher resting left hemispheric primary sensorimotor activity power and higher inter-hemispheric
coherence during movement in MS-HF vs MS-LF and HC.






	
	
	
	
	
	
	
	
	
	Left
	2.94 ± 0.70
	3.28 ± 1.00
	3.43 ± 1.02
	

	
	
	
	
	
	
	
	
	
	Right
	2.53 ± 0.55
	3.27 ± 0.76
	3.51 ± 0.86
	

	
	
	
	
	
	
	
	
	
	Inter-hemispheric symmetry index - movement:
	1.06 ± 0.34
	0.99 ± 0.35
	0.99 ± 0.10
	

	
	
	
	
	
	
	
	
	
	Left
	0.27 ± 0.15
	0.27 ± 0.14
	0.15 ± 0.08
	

	
	
	
	
	
	
	
	
	
	Right
	0.25 ± 0.16
	0.27 ± 0.11
	0.16 ± 0.08
	

	Colombo et al. (2000)**
	30 MS
	15 MS-HF
15 MS-LF 

	MS-HF: 
30.4 (18-49)
MS-LF: 
39 (18-49)


	MS-HF: 3/12 
MS-LF: 4/11 

	MS-HF: 
1.5 (0-1.5)
MS-LF: 
1.5 (0-1.5)

	MS-HF: 
2.8 (1-7)
MS-LF: 
3.7 (1-9)

	FSS
[>25 (Total)] 
MS-HF: 
40 (25-60)
MS-LF: 
14 (10-21)

	Magstim Stimulator (Cadwell MS10)
	Central motor conduction time (ms):
	
	
	
	Central motor conduction time was not significantly different for MS-HF vs MS-LF.

	
	
	
	
	
	
	
	
	
	Right arm
	6.4 (5.3-19.4)
	6.6 (5.5-7.9)
	
	

	
	
	
	
	
	
	
	
	
	Left arm
	6.7 (5.3-12.3)
	6.8 (5.5-7.7)
	
	

	
	
	
	
	
	
	
	
	
	Right leg
	16.0 (12.1-31.7)
	15.0 (11.2-16.3)
	
	

	
	
	
	
	
	
	
	
	
	Left leg
	16.6 (11.1-26.0)
	14.8 (13.0-21.4)
	
	

	Conte et al. (2016)
	25 RR
18 HC
	12 MS-HF
13 MS-LF
18 HC



	MS-HF:
41.3 ± 7.7
MS-LF:
38.3 ± 8.4
HC: 37.0 ± 8.0

	MS-HF: 6/6
MS-LF:
6/7
HC: 9/9
	MS-HF: 1.0 (0-3.5)
MS-LF:
1.1 (0-3.5)
	MS-HF:
5.2 ± 4.3
MS-LF: 6.3 ± 7.1
	Presence or not of subjective fatigue.

MFIS:
MS-HF:
35.1 ± 10.1
MS-LF: 13.9 ± 8.8 

	5-Hz rTMS

Super Rapid Magstim stimulator (Magstim Co. UK)
	5 Hz rTMS (reflecting short-term plasticity) and paired associative stimulation (reflecting long-term plasticity) during 2 different attention-demanding conditions.

	Data reported as graphs.
	Data reported as graphs.
	Data reported as graphs.
	Effects of attention on cortical plasticity differ in MS-HF versus MS-LF. In MS-LF attention improves the MEP size increase whereas in patients with fatigue, attention leaves responses unchanged. 
Suggests MS fatigue reflects disrupted cortical attentional networks related to movement control.


	Greim et al. (2007) 
	76 RR
51 HC
	46 MS-HF
30 MS-LF 







	MS: 
36.7 ± 8.6
HC: 
35.2 ± 12.6 

	MS: 14/65
HC: 15/35 
	MS: 
2.51 ± 1.89

	MS: 
6.9 ± 4.3 

	MS-HF: Mostly or daily tired
MS-LF: Rarely or occasion-ally tired

	Hand-dynam-ometer 
	Post fatigue task force (% baseline force)
	87.5 ± 11.6
	95.6 ± 12.9
	96.8 ± 8.4
	Greater fatigability in MS-HF vs MS-LF and HC.

	Leocani et al. (2001)
	33 RR
14 HC
	15 MS-HF
18 MS-LF
14 HC
	MS-HF: 33 ± 8
MS-LF:
32 ± 6

	MS-HF: 3/12
MS-LF:
5/13
	1.5
	
	FSS [≥33 (Total)]
Means for the 2 MS groups not reported.
	29 channel EEG

	Event-related desynch-ronisation (ERD)/event-related synch-ronisation (ERS) of the 10 and 18-22 Hz bands (cortical circuits involved in control of voluntary movement).
	Data reported as average topographic maps and regression lines.
	Data reported as average topographic maps and regression lines.
	Data reported as average topographic maps and regression lines.
	Reduced post-movement 18 –22 Hz ERS in MS-HF versus MS-LF and inverse correlation between the amount of ERS and the fatigue score. Suggests inhibitory circuits acting on the motor cortex after movement termination may be involved in the patho-physiological mechanism of MS fatigue.


	Liepert et al. (2005) 
	16 RR
6 HC

	8 MS-HF 
8 MS-LF 



	MS-HF: 
42.5 ± 5 
MS-LF: 
40.3 ± 4.5 
HC: 
32.8 ± 10.3

	MS-HF: 1/7
MS-LF: 2/6
HC: 
6/0
	MS-HF: 
3.1 ± 0.93
MS-LF: 
2.9 ± 0.9

	
	FSS [ 4 (Mean)]
MS-HF: 
5.3 ± 0.4
MS-LF: 
1.1 ± 0.2

	Bistim device (Magstim Comp) 


	Resting motor threshold (%) 
	46.0 ± 7

	46.2 ± 3.6
	40.9 ± 6.1
	Significant reductions in SICI 2-3 ms (%) at rest in MS-HF vs MS-LF and HC. Significantly lower grip strength in MS-HF vs HC. Motor response, resting motor threshold, motor evoked potential amplitude and latency was not different for  MS-HF vs MS-LF or HC.

	
	
	
	
	
	
	
	
	
	Motor evoked potential amplitude (mV)
	0.54 ± 0.26
	0.57 ± 0.19
	0.65 ± 0.27
	

	
	
	
	
	
	
	
	
	
	Motor evoked potential latency (ms)
	15.7 ± 1.23
	15.7 ± 1.56
	15.3 ± 1.24
	

	
	
	
	
	
	
	
	
	
	SICI 2-3 ms (%)
	54.6 ± 27.3
	35.9 ± 10.2
	31.2 ± 14
	

	
	
	
	
	
	
	
	
	
	ICF 11-13 ms (%)
	168 ± 37
	179 ± 39
	150 ± 35
	

	
	
	
	
	
	
	
	
	
	Motor response (mV)
	18.6 ± 3.8
	14.4 ± 6.5
	19.5 ± 4.8
	

	
	
	
	
	
	
	
	
	
	Grip strength (Nm)
	87 ± 20.2
	102.5 ± 21.1
	120 ± 14.4
	

	Morgante et al. (2011)**
	33 RR
12 HC
	16 MS-HF
17 MS-LF




	MS-HF: 
41.1 ± 10.9
MS-LF: 
38 ± 9.4
	MS-HF: 7/9
MS-LF: 4/13

	MS-HF: 
1.8 ± 0.6
MS-LF: 
1.6 ± 0.6

	MS-HF: 
8.4 ± 3.4
MS-LF: 
7.9 ± 3.8 

	FSS [>4 (Mean)]
MS-HF: 
4.9 ± 0.8
MS-LF: 
2.2 ± 0.9

	Magstim 200 Stimulator and Bistem module
(Magstim Company Ltd)
Neurolog system (Digitimer Ldt)

	Central motor conduction time (ms)
	7.3 ± 4.0
	7.7 ± 6.2
	5.6 ± 3.42
	Significantly reduced pre-movement facilitation in MS-HF vs MS-LF and HC. Central motor conduction time was prolonged in both MS groups vs HC. SICI 2 ms (%) and ICF 10 ms (%) was not significantly different for MS-HF vs MS-LF or HC.


	
	
	
	
	
	
	
	
	
	SICI 2 ms (%) 
	54 ± 40
	47 ± 29
	54 ± 21
	

	
	
	
	
	
	
	
	
	
	ICF 10 ms (%)
	132 ± 40
	123 ± 41
	140 ± 35
	

	Ng et al. (2000)^
	9 MS
11 HC

	6 MS-HF
3 MS-LF








	MS: 46 ± 1 
HC: 43 ± 2
	MS: 
4/5 
HC: 
6/5
	MS: 
2 (1.5-4.5) 

	





	FSS [4 (Mean)]
MS-HF: 
5.6 ± 1.5  
MS-LF: 
3.0 ± 0.6
HC: 
3.0 ± 0.4
	Tailor-made force trans-ducer


	Maximum voluntary contraction (N)
	182.8 ± 60.7
	166.9 ± 7.9
	292 ± 123

	Small group of PwMS and MS-LF (N=3), not justifying statistical comparisons. Data were acquired from the senior author.

	
	
	
	
	
	
	
	
	
	Voluntary activation (%)
	97.2 ± 4.9
	98.7 ± 2.3
	100 (96-100)
	

	
	
	
	
	
	
	
	
	
	Post fatigue task force (% baseline force)

	83.0 ± 25.3
	49.8 ± 12.3
	56 ± 20
	

	Ng et al. (2004)^
	16 MS
18 HC
	11 MS-HF
5 MS-LF






	MS: 44 ± 2
HC: 47 ± 1
	MS: 5/11
HC: 6/12 
	MS-HF: 
3.4 ± 1.7 
MS-LF: 
2.7 ± 1.6




	









	FSS [>4 (Mean)] 
MS-HF: 
5.8 ± 0.8
MS-LF:
3.1 ± 0.8
HC 
2.9 ± 0.2 

	Tailor-made force trans-ducer NS6 stimulator (Teca) 
	Maximum voluntary contraction force (N)
	116.8 ± 62.9
	126.3 ± 53.6
	157 ± 51
	Lower maximum voluntary contraction force and muscle activation in MS-HF vs MS-LF and HC.

	
	
	
	
	
	
	
	
	
	Muscle activation (%)
	85.1 ± 23.8
	89.2 ± 22.5
	96.0 ± 13.0
	

	Perretti et al. (2004) 
	41 RR
13 HC

	32 MS-HF 
9 MS-LF






	MS-HF: 
37.7 ± 10
MS-LF: 
28.7 ± 7.1
HC: 
30.7 ± 8.8
	MS-HF: 18/14
MS-LF: 2/7
HC: 
5/8
	MS-HF: 
3.4 ± 1.0 
MS-LF:
2.3 ± 0.5

	
	FSS [>37 (Total)]
MS-HF: 
51.6 ± 8.5
MS-LF: 
25.1 ± 11.8
HC: 
24.9 ± 6.4
	Dynam-ometer (Pinch Gauge, B and L Engin-eering)
MagPro Dantec Stimulator
	Maximum voluntary contraction force (N)
	85.3 ± 14.7
	93.2 ± 25.5
	90.2 ± 20.6
	Maximum voluntary contraction force, motor evoked potential amplitude, threshold, latency, duration, and post-exercise MEP facilitation were not significantly different between MS-HF and MS-LF.



	
	
	
	
	
	
	
	
	
	Motor evoked potential threshold (%)
	72.5 ± 9.1
	67.8 ± 10.9
	61.5 ± 8.0
	

	
	
	
	
	
	
	
	
	
	Motor evoked potential amplitude (mV)
	0.79 ± 0.89
	1.32 ± 1.25
	2.33 ± 1.75
	

	
	
	
	
	
	
	
	
	
	Motor evoked potential latency (ms)
	28.9 ± 5.6
	25.0 ± 3.6
	23.5 ± 2.1
	

	
	
	
	
	
	
	
	
	
	Motor evoked potential duration (ms)

	21.4 ± 6.8
	16.9 ± 4.3
	15.9 ± 3.9
	

	Romani et al. (2004)
	60 MS
	40 MS-HF
20 MS-LF

	MS:
38.3 ± 8.1
	MS-HF: 18/22
MS-LF:
9/11

	MS-HF: 2.6 ± 1.4
MS-LF:
2.7 ± 1.7

	MS-HF:
4.5 ± 2.4
MS-LF:
4.7 ± 2.3

	FSS
MS-HF>5.6
MS-LF<2.4
	Force transducer, which measured thumb isometric adduction force.

	Fatigability expressed as decline in force and voluntary activation after 45 s sustained MVC.
	Data presented as scatterplots and correlation coefficients. 
	Data presented as scatterplots and correlation coefficients.
	
	FSS fatigue scores did not correlate with fatigability. Suggests perceived MS fatigue is independent of fatigability.

	Russo et al. (2015)
	24 RR
10 HC
	12 MS-HF
12 MS-LF
10 HC
	MS-HF: 
41 ± 7
MS-LF:
39 ± 9
	MS-HF: 5/7
MS-LF: 7/5

	MS-HF:
2.0 ± 1.0
MS-LF:
2.0 ± 1.0
	
	FSS [≥36 (Total)]
MS-HF: 
50 ± 7
MS-LF: 
20 ± 11
	TMS
(Magstim 200 Co)
	Motor cortex excitability and the pre-movement facilitation (PMF) through TMS before and after 5 min of sequenced finger-tapping movements at a fixed frequency of 2 Hz.

	Data presented as graphs.
	Data presented as graphs.
	Data presented as graphs.
	Post-task PMF was significantly decreased in MS-HF versus MS-LF and abnormalities were correlated with the performance decay. Suggests possible link between MS fatigue and functional impairment within circuits engaged in movement preparation, upstream the corticospinal tract.

	Scheidegger et al. (2012)^
	23 MS 
13 HC
	10 MS-HF
13 MS-LF




	MS: 
39.7 ± 11.4 
HC: 
28 (23-54)

	MS: 19/4
HC: 10/3
	MS: 
3.15 ± 1.56 

	
	FSS [>36 (Total)]
MS: 
37.2 ± 14.6
	Force transducer (Sensotec Inc) 


	Post fatigue task force (% baseline force)

	35.2 ± 18.6
	36.6 ± 15.0
	44 ± 9
	Fatigability was not significantly different between MS-HF vs MS-LF.

	Sebastiao et al. (2017) 
	62 RR

	36 MS-HF
26 MS-LF
	MS-HF: 
52.7 ± 6.9 
MS-LF: 
51.3 ± 8.8
	MS-HF: 9/27 
MS-LF: 8/18
	MS-HF: 
4.5 (2.0)
MS-LF: 
3.5 (3.5)
	MS-HF: 
13.9 ± 9.1
MS-LF: 
12.2 ± 8.3
	MFIS [>38 (Total)]
MS: 
4.5 (2.5)
MS-HF: 
3.5 (3.5)
MS-LF: 
4.5 (2.0)

	Isometric Dynam-ometer 
(Biodex System 3)

	Bilateral isometric peak torque (Nm)
	
	
	
	Significantly lower knee flexor peak torque and cardiorespiratory capacity in MS-HF vs MS-LF.

	
	
	
	
	
	
	
	
	
	Knee flexor
	51.5 ± 19.9
	66.9 ± 28.6
	
	

	
	
	
	
	
	
	
	
	
	Knee extensor
	139.8 ± 47.3
	165.1 ± 58.3
	
	

	Severijns et al. 
(2019) ^
	13 RR
5 SP
1 PP

	13 MS-HF
6 MS-LF
	MS: 52 ± 9.3
HC: 52 ± 9.2  


	MS: 7/12
HC: 7/12
	MS: 
3.0 (1.5-6.5)

	MS: 
15.6 ± 9.2
 
	FSS [>4 (Mean)]
MS: 
4.55 ± 1.60 
HC: 
2.29 ± 0.80 

	Tailor-made force sensor attached to bar
	Voluntary activation (%)
	92.7 ± 6.7
	97.2 ± 1.7
	
	Lower voluntary activation in MS-HF vs MS-LF.

	Steens et al. (2012)^
	20 MS 
20 HC

	18 MS-HF
2 MS-LF





	MS: 20-58
HC: 21-57
	MS: 7/13
HC: 6/14
	MS-HF: 
2.8 (0-5.0)
MS-LF:  
1.0 (0-2.0)

	MS: 
4 (1-23)

	FSS [>4 (Mean)]
MS-HF:
5.5 ± 0.8
MS-LF: 
3.7 ± 0.2
HC: 
2.9 ± 0.6

	Force transducer
Stimulator Digitimer model DS7 (Digitimer Ltd);
Magstim 200 Stimulator
	Maximum voluntary contraction force (N)
	30.7 ± 9.9
	30.5 ± 6.4
	34.8 ± 9.3
	Lower voluntary activation in MS-HF vs MS-LF and HC. Maximum voluntary contraction force and fatigability was not significantly different between MS-HF vs MS-LF and HC.

	
	
	
	
	
	
	
	
	
	Post fatigue task force (% baseline force)
	36.3 ± 13.1
	33.8 ± 5.0
	36.6 ± 11.9
	

	
	
	
	
	
	
	
	
	
	Voluntary activation (%)
	92.1 ± 7.9
	99.0 ± 1.5
	96.7 (81.9-99.1)
	

	
	
	
	
	
	
	
	
	
	Central motor conduction time (ms)
	9.8 ± 2.6
	10.7 ± 1.5
	8.2 (6.2-9.8)
	

	Tomasevic et al. (2013)**
	20 RR

	11 MS-HF
9 MS-LF


	MS-HF: 
38.5 ± 3.2
MS-LF: 
35.9 ± 7.8

	MS-HF: 3/8 
MS-LF: 3/6 

	MS-HF: 
0.4 ± 0.5
MS-LF: 
0.3 ± 0.5  


	MS: 
4.7 ± 3.8



	MFIS-physical scale  
[16 (Mean)]
MS-HF: 
36.6 ± 10.2
MS-LF: 
16.6 ± 8.6  

	EEG
(Micromed System Plus SAM32 (Micromed)



	Cortico-muscular coherence (CMC)
	27.5 ± 4.8

	16.7 ± 3.6

	
	Significantly faster frequencies of cortico-muscular coherence and increase correction rate during handgrip in MS-HF vs MS-LF.

	
	
	
	
	
	
	
	
	
	Frequency
	0.07 ± 0.02
	0.06 ± 0.05
	
	

	
	
	
	
	
	
	
	
	
	Amplitude
	0.03 ± 0.02
	0.05 ± 0.04
	
	

	
	
	
	
	
	
	
	
	
	Task performance
correction rate
	1.40 ± 0.38
	2.20 ± 0.55
	
	

	Vecchio et al. (2017)
	27 RR
11 HC
	16 MS-HF
11 MS-LF
	MS-HF: 
37.3 ± 4.0
MS-LF: 
36.9 ± 7.5
HC: 
36 (28-49)

	MS-HF: 3/13
MS-LF: 4/7
HC: 
2/9

	MS-HF:
0.5 (0-2)
MS-LF: 
1 (0-2)

	MS-HF: 
4.9 ± 4.1
MS-LF: 
5.7± 3.9 

	MFIS [>35 (Total)]
MS-HF:
40.8 ± 13.0
MS-LF: 
23.4 ± 6.2
	EEG Model CUEE60M, Sei EMG srl Cittadella Italy

	Alpha 2 band (10.5-13 Hz)
	1.014 ± 0.00
	0.995 ± 0.011
	0.989 ± 0.005
	Functional connectivity changes of the left sensory cortical network at rest, mediated by beta band oscillatory activity in MS-HF vs MS-LF.


	
	
	
	
	
	
	
	
	
	Beta 1 band (13-20 Hz)
	1.007 ± 0.004
	0.989 ± 0.009
	0.985 ± 0.005
	

	Wolkorte et al. (2015a)^
	82 RR

	61 MS-HF
21 MS-LF
	MS-HF:
41 (21-65)
MS-LF:
42 (25-64)

	MS: 32/51

	
	MS: 
9.3 (0-34)

	FSS [>4 (Mean)]
MS-HF:
5.3 ± 0.6
MS-LF:
2.6 ± 0.8 
	Tailor-made force trans-ducer
	Maximum voluntary contraction force (N)
	
26.33 ± 9.17

	30.78 ± 9.57
	
	Lower maximum voluntary contraction force and greater fatigability in MS-HF vs MS-LF.

	
	
	
	
	
	
	
	
	
	Post fatigue task force (% baseline force)
	27.47 ± 8.52
	36.03 ± 12.40
	
	

	Wolkorte et al. (2015b)^
	16 RR
18 HC

	8 MS-HF
8 MS-LF


 
	MS: 
39 (21-57) 
HC: 
38 (21-54)

	MS: 11/7
HC: 11/7
	MS: 
1.2 (0-3.0)
MS-HF: 
1.4 ± 1.0
MS-LF: 
0.7 ± 0.9

	MS: 
5.5 (1-16)

	FSS [>4 (Mean)]
MS: 
3.9 (1.6-6.2) 
HC:
 2.4 (1.3-4.6)

	Tailor-made force trans-ducer

 
	Maximum voluntary contraction force (N)
	41.62 ± 24.62
	37.87 ± 8.16
	45 ± 11
	Maximum voluntary contraction force was not significantly different between MS-HF vs MS-LF or HC.

	Wolkorte et al. (2016)^
	25 SP
25 HC

	21 MS-HF
4 MS-LF








	SPMS: 
53 (41-65)
HC: 
53 (40-63)

	SPMS: 8/17
HC: 8/17

	MS-HF: 
4.9 ± 1.4 
MS-LF: 
5.6 ± 1.8

	SPMS: 
15 (4-37)


	FSS [>4 (Mean)]
MS-HF: 
5.6 ± 0.7
MS-LF:
2.6 ± 0.6
HC: 
2.5 (1.3-4.3)

	Tailor-made force trans-ducer
Digitimer model DS7 (Digitimer Ltd)
	Maximum voluntary contraction (N)
	24.3 ± 10.3
	27.4 ± 7.0
	32.1 ± 9.6
	Maximum voluntary contraction force was similar between MS-HF and MS-LF. Greater fatigability in MS-HF vs MS-LF.

	
	
	
	
	
	
	
	
	
	Voluntary activation (%)
	83.7 ± 12.3
	89.3 ± 9.7
	93.9 ± 5.8
	

	
	
	
	
	
	
	
	
	
	Post fatigue task force (% baseline force)
	26.5 ± 8.5
	30.9 ± 13.9
	37.2 ± 12.3
	



Data are presented as mean  SD or median with intracortical range or total range in parentheses; ^ Original data received from the lead author; ** article has both structural and function neurophysiological measurements; RR, relapsing-remitting multiple sclerosis; SP, secondary progressive multiple sclerosis; PP, primary progressive multiple sclerosis; RSP, relapsing secondary progressive multiple sclerosis; EDSS, Extended Disability Status Scale; MS, Multiple Sclerosis; MS-HF, multiple sclerosis-highly fatigued; MS-LF, multiple sclerosis-less fatigued; HC, healthy controls; FSS, Fatigue Severity Scale; MFIS, Modified Fatigue Impact Scale; MRI, Magnetic Resonance Imagery, fMRI; Functional Magnetic Resonance Imagery; SICI, short-interval intracortical inhibition; ICF, intracortical facilitation; MEP, motor-evoked potential.
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