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Background: Several consensus recommendations have been published on the use of magnetic resonance imaging (MRI) 
for diagnosing, prognosing, and monitoring patients with multiple sclerosis (MS). They provided standardized protocols 
and guidance for when and how to use MRI. Objective: this study aims to investigate the diffusion weighted imaging (DWI) 
parameters and the diffusion data processing modalities used to diagnose MS in Taif city hospitals. Methods: data were 
collected from the radiology departments of the Ministry of Health hospitals in Taif city (King Faisal Medical Complex and 
King Abdul-Aziz Specialist Hospital). The 2021 MAGNIMS-CMSC-NAIMS consensus recommendations on the use of MRI 
in patients with MS was used as a guidance for this paper. Results: Both hospitals do not follow the 2021 MAGNIMS-
CMSC-NAIMS consensus recommendations on when to acquire DWI images. Instead, they always acquire DWI for every 
MS patient. However, they met the recommendation of using magnetic field strength larger than 1.5T.The 2021 
MAGNIMS-CMSC-NAIMS consensus recommendations did not specify DWI parameters. Thus, recent MS clinical studies 
were investigated to identify the importance of acquiring proper diffusion weighted (DW) images considering the 
acquisition time. Conclusion: A combination of different DWIpost-processing modalities cans helpunderstanding MS 
pathological background. Moreover, using flexible DWI protocol allows for processing diffusion data with multiple 
modalities to investigate the disease microstructural changes and the treatment efficacy. 

Keywords: multiple sclerosis; magnetic resonance imaging; diffusion weighted imaging; diffusion tensor imaging; diffusion kurtosis 
imaging; neurite orientation dispersion and density imaging. 

 
INTRODUCTION 

Multiple Sclerosis (MS)is an inflammatory 
demyelination disease that attacks the central nervous 
system and causes myelin loss leading to sensory or/and 
motor malfunctions. MS has increased since 2008 from 
2.1 million to 2.8 million in 2020 worldwide and the mean 
age of diagnosis now is 32 years (Walton et al. 2020). The 
recent estimation from Saudi Arabia is 40.4 cases per 
100,000 population, and 61.95 cases per 100,000 
population of Saudi citizens (Saeedi et al. 2023).  

Magnetic resonance imaging (MRI) plays an important 
role in diagnosing MS. Clinical evaluations underestimate 
the disease activity when compared with MR imaging. 
Moreover, MRI technique has higher sensitivity to myelin 
changes than other imaging techniques(Simon et al. 2006; 
Traboulsee et al. 2016a). On the other hand, monitoring 
MS progression as well as the therapy response has been 
hindered by inconsistent protocols and their imaging 
quality (Traboulsee et al. 2016a). Thus, it was essential to 
standardise the imaging protocol for a proper disease 
investigation (Simon et al. 2006; Traboulsee et al. 2016a). 

McDonald Criteria provides the most updated 

guidance for clinicians and researchers regarding the 
clinical evaluation and imaging techniques that may help 
in diagnosing MS rapidly. MS disease diagnosis has been 
relied heavily on McDonald criteria since it was published 
by McDonald et al. (2001) in 2001. This criteria went 
through different revisions in 2005 (Chris H. Polman et al. 
2005), 2010 (C. H. Polman et al. 2011), and lastly 2017 
(Thompson et al. 2018). Since Macdonald criteria was 
published, MRI was the preferred diagnostic tool for MS 
assessment and treatment monitoring (M. Filippi et al. 
2016; Simon et al. 2006; Traboulsee et al. 2016a). 

The 2015 Magnetic Resonance Imaging in Multiple 
Sclerosis (MAGNIMS) (Rovira et al. 2015; Mike P. Wattjes 
et al. 2015) and 2016 Consortium of Multiple Sclerosis 
Centres (CMSC)(Traboulsee et al. 2016a) guidelines on 
MRI usage in diagnosing and monitoring MS have 
improved the knowledge about the importance of MRI in 
the routine clinical practice. Their contribution helpedin 
McDonald diagnostic criteria 2017 revision, renewing the 
intravenous gadolinium-based contrast agents safety 
concerns, as well as highlighting the importance of 
acquiring spinal cord MRI for predicting, diagnosing, and 
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monitoring patients with MS(M. P. Wattjes et al. 2021). 
These information and other new developments in MRI 
field regarding MS encouraged MAGNIMS, CMSC, and 
North American Imaging in Multiple Sclerosis Cooperative 
(NAIMS) to publish consensus recommendations on the 
use of MRI for diagnosis, prognosis, and monitoring 
patients with MS, guiding for a standardising the imaging 
protocols and the symptoms for when and how to use 
MRI, motivating the national and international societies in 
founding similar guidance (M. P. Wattjes et al. 2021). The 
guidelines suggested the acquisition of axial 3D (1mm 
isotropic; recommended) or 2D (≤ 3mm without gaps) 
images with an in-plane resolution of ≤ 1mm x 1mm for 
the whole brain. It is also recommended to include as 
much as possible of the cervical spinal cord using not less 
than 1.5T MR scanner (preferably 3 T) for the imaging 
protocols in table 1. The guidelines have highlighted the 
importance of acquiringdiffusion weighted imaging 
(DWI)protocol for MS patients as: I) optional when 
diagnosing MS for the first time(M. P. Wattjes et al. 2021); 
II) optional when following-up the disease activity and/or 
for differential diagnosis(M. P. Wattjes et al. 2021);and III) 
recommended core for safety monitoring the effectiveness 
of disease modifying treatment(Bagnato & Wallin, 2022; 
M. P. Wattjes et al. 2021). 

DWI was firstly introduced in evaluating MS patients in 
1992 (Larsson, Thomsen, Frederiksen, Stubgaard, & 
Henriksen, 1992). Larsson et al. (1992) study found that 
water diffusion in MS plaques is higher than normal tissue 
as well as in MS acute plaques than in the chronic phase. 
This increase in diffusion caused by an increase of the 
extracellular space due to demyelination. Science then, 
the application of DWI was increased with various 
advanced modalities to investigate MS such as diffusion 
tensor imaging (DTI), diffusion kurtosis imaging (DKI), q-
space imaging (QSI), composite hindered and restricted 
model of diffusion (CHARMED), and neurite orientation 
dispersion and density imaging (NODDI). Each modality 
has its own pros and cons; however, combining more than 
one may contribute to deliver more details about the 
disease and emphasize the complementary information. 
DTI sensitivity in detecting abnormalities caused by MS is 
high in focal lesions, normal appearing white matter 
(NAWM) and gray matter (GM). However, fractional 
anisotropy (FA; one of DTI-derived metrics) lack specificity 
in differentiating the microstructure sub-compartments of 
white matter (WM). In consideration of MS, similar effect 
on DTI metrics will be detected when either axonal loss or 
demyelination was present and thus cannot be 
distinguished. Also, the apparent diffusion coefficient 
(ADC) derived-metric from tensor modelling of DTI is a 
sensitive but not specific metric when evaluating an 
environment of highly heterogeneous tumour (Wen et al. 
2015). These issues and other limitations of DTI 
introduced several advanced diffusion imaging methods to 
overcome them. DKI can extract the deviation of water 
diffusion displacement profile from MRI signal decay of 

DTI exponential model using excess kurtosis (a 
dimensionless metric) (Jensen, Helpern, Ramani, Lu, & 
Kaczynski, 2005). The mean kurtosis (one of DKI indices) 
has been found to be affected in MS patients compared to 
healthy controls (Guglielmetti et al. 2016). Additionally, 
white matter tract integrity (WMTI; can be extracted from 
DKI) provides details about the axonal integrity and extra 
axonal space enabling to differentiate patients with mild 
cognitive deterioration (E. Fieremans et al. 2013; Els 
Fieremans, Jensen, & Helpern, 2011), and improve 
detecting morphological changes in WM of lesions with 
chronic demyelination (Falangola et al. 2014). Also, a 
significant correlation was found between DKI metrics and 
the expanded disability status scale (EDSS) (De 
Kouchkovsky et al. 2016). Moreover, WMTI have showed 
its sensitivity in monitoring changes in myelination during 
brain development (Jelescu et al. 2015) as well as 
showing correlation with N-acetyl-aspartate levels with 
mild brain trauma (Grossman et al. 2015).QSI, a non-
parametric analysis, has a model-free index known as P0 
(zero displacement probability) that calculates the 
probability of water molecules with no net diffusion within 
the diffusion time. This index showed a decrease in WM 
myelin defects and in NAWM in MS patients, which 
suggests a myelin damage or axons loss (Mustafi et al. 
2019; Wu et al. 2011). CHARMED Model can separate the 
signal decay coming from water diffusion molecule either 
from intracellular or extracellular space in DWI and then 
distinguish the effect of axonal loss from those due to 
demyelination (Assaf & Basser, 2005). It creates maps of 
the restricted water fraction (FR), which represents the 
axonal density. FR showed an increased specificity and 
sensitivity to microstructural changes in early stages of 
MS in lesions and NAWM (S. De Santis et al. 2017). To 
such a degree, besides the restricted water fraction 
(known as intracellular fraction (IC) in NOODI), NODDI 
has the ability to quantify fibre orientation dispersion (ODI) 
index. Recent studies reported an increase in sensitivity 
and specificity in differentiating MS patients from healthy 
controls when conducting an investigation into WM 
(Granberg et al. 2017; Schneider et al. 2017), GM 
(Granberg et al. 2017) and spinal cord (By, Xu, Box, 
Bagnato, & Smith, 2017). 

The adherence to the guidelines of MS imaging in Taif 
hospitals as described by Traboulsee and his colleagues 
has been covered previously by Alamri (2020) in 2020. 

This paper aims to investigate when DWI protocolis 
applied for brain MS patients’ inTaif hospitals and 
compare it to2021 MAGNIMS-CMSC-NAIMS consensus 
recommendations. Moreover, investigating the used 
parameters of DWI protocol and compare it to recent MS 
clinical studies. 
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Table 1: The recommended brain protocols by 2021 MAGNIMS-CMSC-NAIMS international consensus on the use 

of MRI in patients with MS. 
Brain imaging protocol Diagnosis Follow-up Safety monitoring 

Axial T2 Recommended core 

recommended core or 
optional if 3D  

Fluid attenuated inversion 
 recovery (FLAIR) with 

 sagittal/axial 
 reconstructions are available 

recommended core or 
optional if 3D FLAIR 

 with sagittal/axia 
l reconstruction 
s are available 

Sagittal and axia 
l (or 3D) FLAIR 

Recommended core Recommended core Recommended core 

Axial (or 3D)  
T1 Post-gadolinium 

Recommended core Optional Optional 

DWI Optional 
Optional for differentia 

l diagnosis 
Recommended core 

Double inversion  
recovery (DIR) or phase 

 sensitive inversion  
recovery (PSIR) 

Optional Optional Optional 

High-resolution 3D T1 
 (for brain volume assessment) 

Optional Optional Not required 

Susceptibility-weighted imaging Optional Not required Not required 

 
 
MATERIALS AND METHODS 

DWI parameters were collected from MRI scanners at 
the radiology department of the main Ministry of Health 
hospitals in Taif city, which are King Faisal Medical 

Complex (KFMC) and King Abdul-Aziz Specialist Hospital 
(KASH) (Table. 2). Ethical approval was received from the 
Institutional Review Board of the Ministry of Health in the 
Kingdom of Saudi Arabia for conducting this research on 
Taif hospitals. 

 
Table 2: DWI parameters in Taif hospitals. 

 KFMC KASH 

Magnetic field  
strength (Tesla (T)) 

1.5 T Optima  
MR450w GE 
Healthcare 

3 T Siemens 
 Magneton 
Skyra 

1.5 T Optima 
 MR450w GE 
 Healthcare 

1.5 T Optima 
 MR450w GE  
Healthcare 

Slice thickness 
(mm) 

5 4 4 5 

Slice orientation Oblique Axial 
Anterior-
posterior 
 transverse 

Oblique Axial Oblique Axial 

Used b-value 
 (s/mm2) 

0 and 1000 0 and 1000 
0, 500, and 
1000 

0, 500, and 
1000 

Number of 
 diffusion directions 

3 3 3 3 

Number of slices 28 27 30 23 

Pixel size (mm)  0.7 x 0.7 1.8 x 1.2 1 x 1 

Spacing gap (mm) 0.5 (10%) 1.2 (30%) 0.4 (10%) 1 (20%) 

TR (ms) 5450 5640 8667 4911 

TE (ms) 74.4 64 70 71.5 
NEX 1  1 1 

When DWI is  
acquired? 

With every request for suspected or diseased 
 MS patients. 

Head coil 
GEM head and 
 neck unit (HNU) 

20-channel 
 Head/Neck coil 

GEM head and 
 neck unit 
(HNU) 

GEM head and 
 neck unit 
(HNU) 

Total scan time 
(Minutes: Seconds) 

00:44 02:06 01:35 1:38 
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RESULTS AND DISCUSSION 

Standardising MRI MS brain protocols is an essential 
step towards acquiring better images to interpret ate the 
disease indications accurately. This study aimed to 
investigate DWI parameters for MS at KFMC and KASH 
(shown in Table 2). Both hospitals in Taif city do not follow 
the 2021 MAGNIMS-CMSC-NAIMS international 
consensus recommendations on when to acquire DWI 
images. Instead, they always acquire DWI for every MRI 
request for either suspected or diseased MS patient. This 
follows the argument raised by Veterans Health 
Administration radiologists that DWI protocol should 
always be acquired for brain MS patients (Bagnato & 
Wallin, 2022), which is in line with the revised 
recommendations of the consortium of MS centerstask 
force for a standardized MRI Protocol and clinical 
guidelines for the diagnosis and follow-up of MS published 
in 2016 by Traboulsee et al. (2016b). This is because it is 
important to detect changes in ADC, which was reported 
to be increased in MS lesions (Castriota-Scanderbeg et al. 
2002; Huisman, Sorensen, Hergan, Gonzalez, &Schaefer, 
2003), reduced in acute phase of MS due to the cytotoxic 
oedema that would be converted, in the subsequent days, 
to either normal or increased ADC signal along with the 
inflammatory vasogenic oedematous(Bugnicourt et al. 
2010; Castriota-Scanderbeg et al. 2002; Eisele et al. 
2012; Pagani et al. 2007; Rosso et al. 2006). Quantitative 
in-vivo MRI methods (such as DWI, spectroscopy, 
magnetization transfer, and relaxation times) have proven 
a presence of abnormalities in NAWM from clinical onset 
of MS and becomes clearer in MRI with disease 
progression and, later, leads to increase of lesions 
number and disability score (Massimo Filippi et al. 2012). 

On the other hand, a Taif city hospital follows the 
2021 MAGNIMS-CMSC-NAIMS international consensus 
recommendations in using magnetic field strength with 
more than 1.5 T in diagnosing MS. A 3 T MRI scanner is 
usually considered the best option in diagnosing MS, 
whereas a 10-minute multi-shell DWI at ultra-high 
magnetic field (7 T scanner) has shown similar 
interpretation in MS to those at 3 T (Silvia De Santis et al. 
2019). 

On the contrary, the 2021 MAGNIMS-CMSC-NAIMS 
international consensus recommendations did not specify 
DWI parameters. It only highlighted the slice thickness of 
the two-dimensional DWI ,which should be less or equal to 
5 mm with a slice gap not exceeding 10-30%. Thus, 
recent MS clinical studies (Table 3) were investigated in 
order to identify the importance of acquiring proper DWI 
images taking into account the acquisition time.  

Our data revealed that only three directions for all 
DWI protocols are acquired for both hospitals. This is for 
the purpose of calculating the ADC index to check for any 
alterations caused by edema that resulted from the 
primary inflammations of MS(Davoudi et al. 
2016).Moreover, KFMC DWI protocols have only one b-

value (1000 s/mm2) while KASH acquires two (500 and 
1000 s/mm2). Acquiring more directions with large 
numberof b-values will help in providing further knowledge 
about MS pathology not only for calculating ADC, but also 
for analysing DWI data with other methods. 

Several studies (De Kouchkovsky et al. 2016; Li et al. 
2018; Stulík et al. 2022) has analysed the DWI data using 
the tract-based spatial statistics (TBSS), which is 
considered as a hypothesis-free and user-independent 
voxel-wise analysis to implement multi-subject 
comparisons. They reported widespread differences in 
TBSS analysis reflected by DTI and DKI parameters for 
the NAWM skeleton of MS patients compared to healthy 
control. Moreover, a more sophisticated micro structural 
models (such as DKI, CHARMED and NODDI) describes 
the tissue changes in both lesions and NAWM in MS 
better than DTI metrics. They are even more sensitive in 
detecting differences in relatively small cohort analysis for 
the clinical routine (Silvia De Santis et al. 2019). In 
General, the changes in MS compared to healthy controls 
was reported as: a) in DTI, an increase in the mean 
diffusivity (MD) and radial diffusivity (RD) (Qian et al. 
2016) and a decrease FA in lesions and NAWM (Mustafi 
et al. 2019; Qian et al. 2016); b) in DKI, metrics showed a 
reduction in lesions and NAWM (Bester et al. 2015; Silvia 
De Santis et al. 2019; Qian et al. 2016) and reduced mean 
kurtosis (MK) in the normal appearing GM (Bester et al. 
2015; Silvia De Santis et al. 2019); c) in NODDI, a 
decrease in IC in lesions and NAWM (Caverzasi et al. 
2016; Collorone et al. 2021; Granberg et al. 2017; 
Hagiwara et al. 2017; Hagiwara et al. 2019; Lakhani, 
Schilling, Xu, & Bagnato, 2020; Mustafi et al. 2019; Sacco 
et al. 2020; Spanò et al. 2018), and a decrease in ODI in 
lesion and increase in NAWM (Schneider et al. 2017); d) 
in CHARMED, a decrease in FR in lesions and NAWM; 
and e) in QSI, a decrease in tissue restriction (P0) (Mustafi 
et al. 2019). 

Fujiyoshi et al. (2016) has investigated the sensitivity 
of myelin map obtained from QSI for a 35-year-old female 
patient with relapsing remitting MS (RRMS) using 3T 
scanner. She was complaining from weakness and tactile 
hypoesthesia in her left arm due to acute relapses and 
scored with 2/10 in EDSS. MRI revealed a hyperintense 
lesion in T2 weighted images (T2WI) with gadolinium in 
the left side of the cervical spinal cord (C4/C5 level). At 
the same lesion site, a major myelin signal loss was 
detected in the myelin map. Ten weeks after an 
intravenous methylprednisolone therapy (IVMP), the 
patient was scored with normal EDSS (0/10), and the 
myelin map showed a significant recovery of myelin signal 
in the lesion location. In comparison, the lesion continued 
to exist with a hyper intense signal on T2WI throughout 
the IVMP time 
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Table 3. MRI clinical studies utilized DWI in MS. 

 (Li et al., 
2018) 

(De Kouchkovsky 
et al., 2016) 

(Silvia De Santis et al., 2019) (Qian et al., 
2016) 

(Bester et al., 
2015) 

(Stulík et al., 
2022) 

(Mustafi et al., 
2019) 

(Fujiyoshi et 
al., 2016) 

Magnetic field strength 
(Tesla (T)) 

3 T Discovery 
MR750 
scanner GE 
Healthcare 

3 T Siemens Tim 
Trio  

3 T Siemens Prisma Fit 3 T Philips 
Achieva 

3 T Siemens 
Tim Trio 

1.5 T Philips 
Achieva  
OR 
1.5 T Philips 
Ingenia  

3 T Philips 
Achieva  
 

3 T Discovery 
MR750 
scanner GE 
Healthcare 

Slice thickness (mm) 4 2.7 1.5 3 2.7 2 3 5 

Slice orientation Axial Axial  n/a Axial Axial Axial Axial n/a 

Used b-value (s/mm2) 0, 1250 and 
2500 for DKI, 
0 and 1250 for 
DTI 

0, 1000 and 2000 0, 700 and 
2000 

0, 750 – 6000 0, 1000 and 
2000 

0, 1000 and 
2000 

0 and 1000  0, 250, 1000, 
2250, 4000 and 
6250 

0 – 10,000 in 9 
steps for 
myelin 
imaging, 
0 and 1066 for 
DTI 

Number of diffusion 
directions  

25 11 directions for b-
value of 0 images, 
and 30 directions for 
b-values 1000 and 
2000  

6 directions for 
b-value of zero, 
27 directions 
for b-value of 
700, and 45 
directions for b-
value of 2000 

12 directions 
for b-value of 
zero and, 106 
directions 
distributed in 
eight shells of 
b-values from 
750 to 6000 

30 for each b-
value 

4 directions for 
b-value of 0 
images, and 32 
directions for b-
values 1000 
and 2000 

32 for each b-
value 

The diffusion 
directions were 
1, 6, 21, 24, 30 
and 61 for b-
values of 0, 250, 
1000, 2250, 
4000 and 6250; 
respectively 

12 

Number of slices 35 28  n/a 44 28 n/a 40 n/a 

Pixel size (mm) 1 x 1 2.7 x 2.7 1.5 x 1.5 2.55 x 2.55 2.7 x 2.7 2 x 2 2 x 2 1 x 1 

Spacing gap (mm) No gap n/a n/a No gap n/a n/a n/a n/a 

TR (ms) 4700 3700 4873 6000 3700 2000 2100 3590 5000 

TE (ms) 102 96 68 94 96 69 62 114.24 124 

NEX  n/a 2 n/a 2 2 n/a n/a n/a 

Head coil 8-channel 
phase array 
head coil 

12-channel head 
coil 

n/a 8‐channel 
SENSE head 
coil 

8-channel 
phase array 
head coil 

16-channel 
head and neck 
coil 

8‐channel head 
coil 

32-channel 

Post processing DKI and DTI DKI DTI, DKI, CHARMED and NODDI DKI DKI and DTI DKI and DTI DTI, NODDI and 
QSI 

QSI and DTI 

Total scan time  
(Minutes: Seconds) 

08:42 n/a 08:00 12:00 07:58 19:39 n/a 24:00 ≈ 09:00  
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. 

CONCLUSION 
In summary, MS changes can be detected using DWI. 

A combination of different diffusion imaging modalities 
might provide more knowledge in diagnosing MS as well 
as helping in clarifying the pathological background. 
Moreover, using flexible diffusion imaging protocols that 
allow for multiple modalities of diffusion data processing is 
essential for further investigation of the disease micro 
structural changes and the treatment efficacy. 
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