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ABSTRACT
Background: Multiple Sclerosis (MS), distinguished by aggravating the function 
of central nervous system because of inflammatory demyelination. The most sensi-
tive method for MS diagnosis is Magnetic resonance imaging (MRI). To distinguish 
inactive and active MS lesions, contrast-enhanced T1-weighted imaging (CE T1WI) 
is being used as a gold standard. There are some contraindications in gadolinium 
based contrast agents (GBCAs) usage. Moreover, diffusion-weighted imaging (DWI) 
can discover diffusion changes involved inflammatory lesions.  
Objective: The current research aims at investigating if typical DWI (3 direc-
tional) and 12 directional DWI could be a substitute for CE T1WI in order to show 
active lesions of MS.
Material and Methods: In this cross-sectional study, 138 patients with CNS 
symptoms were examined. For all patients, along with CE T1WI, 3 & 12 directional 
DWI were performed. Intraclass correlation coefficient (ICC), receiver operating 
characteristic (ROC), the sensitivity versus specificity plot and the area under the 
curve (AUC) were calculated. 
Results: There was a contrast enhancement in CE T1WI for 114 patients (82.6%); 
in addition, hyper-intense lesions on DWI 3 and DWI 12 were shown in 107 (77.5%) 
and 117 patients (84.7%) in order. Sensitivity, specificity and AUC were 94.7%, 
62.5% and 84% for DWI 12. Moreover, the results were 86%, 62.5 and 79% for the 
sensitivity, specificity and AUC for DWI 3 respectively. 
Conclusion: In spite of lower sensitivity of 12 directional DWI compared to CE 
T1WI, it could be used as a diagnostic sequence in differentiating enhanced lesions 
from non-enhanced ones when CE-MRI is a worry. 
Citation: Meftahi GH, Pirzad Jahromi G, Azari A, Ghaemmaghami P. Detection of Active Plaques in Multiple Sclerosis using 3 and 12 Di-
rectional Diffusion-weighted Imaging: Comparison with Gadolinium-enhanced MR Imaging. J Biomed Phys Eng. 2020;10(6):737-744.                 
doi: 10.31661/jbpe.v0i0.925.  
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Introduction

Multiple Sclerosis (MS) has been known as chronic diseases 
in central nervous system (CNS) characterized by exacerba-
tions of neurological dysfunction because of inflammatory 

demyelination [1, 2]. The McDonald or “Dublin” standards are the cri-
teria, which are used for confirming the MS diagnosis. Using features 
of clinical history and MRI, 2010 revisions to the McDonald standards 
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define “dissemination in space (DIS) and time 
(DIT)” [3]. Moreoever, supportive evidence is 
occasionally provided by cerebrospinal fluid 
oligoclonal bands or elevated IgG index [4] 
in time and space. Nevertheless, MRI is the 
best method to detect asymptomatic spread of 
lesions [5] and causes prognosis and MS treat-
ment to be improved since the early diagnosis 
leads into diseases treatment [6, 7]. 

Formation of white matter lesions and my-
elin breakdown leads into disruption in blood 
brain barrier (BBB) as edema and the primary 
trigger of tissue inflammation [8]. The edema 
causes various signal intensities in contrast 
enhancement and various sequences of MRI 
(CE) [9]. CE-MRI applied as a gold criterian 
for differentiating inactive from active le-
sions in the brain [10]. After injecting gado-
linium, active plaques with new developing 
inflammatory lesions might reveal ring or dif-
fuse or enhancement showing devastation the 
blood–brain obstacle [11]. Although gadolin-
ium based contrast agents (GBCAs) contains 
contraindications, including incremental risk 
to advance nephrogenic systemic fibrosis in 
patients suffering from allergy to GBCAs and 
chronic or acute serious renal deficiency (glo-
merular filtration rate below 30 mL/min/1.73 
m2) [12, 13]. Furthermore, in 2013, it was an-
nounced by the American College of Radiol-
ogy that these agents augh to be controlled 
cautiously in pregnant women since it is not 
clear how GBCAs will have an effect on the 
fetus [12]. A preference MRI sequence might 
be necessary for accurate as well as early MS 
diagnosis for patients with relative contra-
indications or contraindications to GBCAs. 
The microscopic random translational motion 
of water molecules, which are affected with 
microstructures besides microdynamic pro-
cess can be measured by diffusion-weighted 
imaging (DWI) [14]. In active inflammatory 
lesions, diffusion-weighted imaging (DWI) 
is extremely utilized for diagnosis of acute 
ischemic infarction as well as detection of dif-
fusion changes [15]. Since normal appearing 

white matter (NAWM) actually has an effect 
on MS patients, the diffusion is restricted in 
MS plaques. DWI could be used as a pref-
erence for contrast-enhanced T1-weighted 
imaging (CE T1WI) to distinguish various 
aspects of demyelinating disease. In order to 
study the magnitude and direction of water 
molecule’s motion paralleled to the direction 
of fiber tracts in the brain, diffusion tensor im-
aging (DTI) can be used [16]. Diffusion an-
isotropy can be quantified using MR diffusion 
tensor imaging (DTI); in addition, the unclear 
changes of white matter (WM) usually seen on 
conventional MR imaging can be found. DTI 
has been used in different diseases, including 
multiple sclerosis MS, Alzheimer disease, and 
human immunodeficiency virus (HIV) infec-
tions to check and investigate the changes of 
WM [17]. The number of diffusion-encoding 
gradient directions (NDGD) is one of the most 
crucial factors in DTI acquisition. Due to an 
increase in NDGD, more DW images are used 
to compute diffusion tensor, resulting in an 
estimation of more precise diffusion tensor as 
well as a higher signal-to-noise ratio (SNR). 
However, NDGD of six orientations detected 
the basic fiber tracts, and characteristics of 
improved tract could be provided by larger 
NDGD (≥ 11 orientations) at longer scanning 
time [17]. Besides, diffusion-encoding gradi-
ents are applied along three orthogonal direc-
tions such as x, y, z in common DWI (3 direc-
tional) [18].

This purpose of this study is to assess the 
signal-intensity relationship of demyelinat-
ing lesions on conventional DWI (DWI 3) and 
12 direction DWI (DWI 12) used in DTI for 
enhancement status on CE T1WI in baseline 
brain MRI in patients, who have clinically 
definite MS (CDMS).

Material and Methods

Study population
In this cross-sectional study, firstly, patients 

with CNS symptoms similar to demyelinating 
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illness were examined from August 2016 to 
October 2017. Secondly, experienced neurolo-
gists diagnosed patients with clinically definite 
MS (CDMS) after some clinical invasion of 
CNS demyelinating events as well as impartial 
clinical evidence of some lesions, which were 
described based on the McDonald standards 
that they can be as follows: 1) age should be 
at beginning of 17 until 45 years old. 2) CE 
T1WI and DWI are with 3 and 12 directional 
DWI in the protocol of MRI. 3) There is not 
any using disease adapting drugs or exami-
nations of steroid pre-baseline brain MRI for 
removing their impact on edema and contrast 
improvement in demyelinating lesions. It was 
asked from the patients to confirm that are 
willing for participating in this study and to 
sign a written informed consent form.

MRI sequences and imaging analysis 
The MRI researches were carried out com-

pletely on 1.5-T MR scanners (Siemens Avan-
to). The brain MRI succession consisted of 
spin echo (SE) T1-weighted imaging (T1WI), 
T2-fluid-attenuated inversion recovery (T2-
FLAIR) in the axial plane, fast spin echo 
(FSE) T2-weighted imaging (T2WI), T1WI 
and T2-FLAIR in the sagittal plane, T2WI 
in the coronal plane, besides CE T1WI in the 
axial, sagittal as well as coronal planes post- 
injecting 0.1 mmol/kg of gadolinium-based 
contrast agents (GBCAs). 5 min after inject-
ing gadolinium, CE-MRI was done via a T1W 
image (TR: 430, TE: 8.7, slice thickness: 5 
mm). DWIs were obtained from one echo pla-
nar spin-echo succession at three and twelve 
orthogonal path, associated with a b value of 
1000 sec/mm2 as well as a baseline image with 
a b value of 0 sec/mm2, band width: 964 Hz/
px, noise level: 40, echo spacing: 1.15 ms, TE: 
102 and TR: 3400). In Table 1, image setting 
is demonstrated. Exponential ADC (eADC) 
maps and apparent diffusion coefficient (ADC) 
were automatically made. Before administrat-
ing GBCAs with a thickness of similar slice (5 
mm) in addition to position to T1WI, T2WI, 

and T2-FLAIR, DWIs were done. Firstly, the 
demyelinating lesions were labeled using a 
neuroradiologist, who had enough experience 
to work on T2WI, T2-FLAIR and CE T1WI. 
Secondly, the rest demyelinating lesions were 
established as either improving or nonimprov-
ing on DWI with 3 as well as 12 orientations. 
On ADC, eADC as well as DWI maps, the le-
sions signal intensity was established as either 
isointense, hyperintense or hypointense into 
the arounding white matter with normal ap-
perance. CE T1WI, which is either improving 
or nonimproving, was as a gold criteria for di-
agnosing MS active lesions. Furthermore, the 
signal intensity of each lesion, which is hyper-
intense or none, on DWIs was compared with 
the enhancement status on CE T1WI.

Statistical analysis
Two statistical methods were used for deter-

mining the accuracy as well as reliability of 
12 & 3 directional DWI and to describe the 
improvement of demyelinating lesions on 
CET1W, including intraclass correlation co-
efficient (ICC), and limits of agreement were 
calculated to evaluate the reliability of mea-
surements, obtained from brain imaging 138 

Sequence CET1W DWI 12 DWI 3
TR (ms) 430 3400 3400
TE (ms) 8.7 109 102

Matrix size            
(phase × read out) 256 × 256 192 × 192 192 × 192

FOV (mm) 230 × 230 230 × 230 230 × 230
Slice thickness (mm) 5 5 5

Slices 21 21 21
NSA 1 3 3

Band width (Hz/px) 150 964 964
b-factor (s/mm2) - 1000 1000
Diff directions - 12 3

Scan time 1 min 54 
sec

2 min 24 
sec 53 sec

Table 1: Scan parameters used to obtain im-
ages.
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patients, and the DWIs compared to CETW1. 
According to the 95% certain interval in the 
ICC estimatation, values, which are lower 
than 0.5, between 0.5 and 0.75 and 0.75 and 
0.9, in addition to more than 0.90 are indica-
tive of poor, mild, good, as well as great reli-
ability, respectively (Table 2) [19].

The sensitivity vs specifity was termed re-
ceiver operating characteristic (ROC) curve 
as well as the area under the curve (AUC) 
with 95% confidence intervals (95% CI) was 
mentioned as an efficient measure of accuracy 
with significant interpretations. The criteria of 
AUC are shown in Table 3 [20].

The analysis of data were done using SPSS 
version 23 (IBM Inc., Chicago, Illinois, USA) 
and MedCalc software version 11.X86 (bvba, 
Ostend, Belgium). P-values less than 0.05 had 
a significant difference.

Results

Participants
138 patients studied were chosen from indi-

viduals with CDMS. 102 (74%) and 36 (26%) 
patients analyzed were female and male, re-
spectively, from ranging 17-45 years old with 

mean: 31 years and standard deviation: 7.1. 
There was a range of the interval between the 
beginning of symptoms and examinations of 
baseline brain in MRI from 1 to 60 days with 
mean: 20.4 days and standard deviation: 12.5.

Test Results
Contrast enhancements were shown in CE 

T1WI for 114 patients (82.6%); in addition, 
hyperintense lesions were shown in DWI 12 
& DWI3 for 117 (84.7%) and 107 (77.5%) in-
diviusals, respectively. For DWI 12, ICC was 
more than 0.9; nevertheless, it was less than 
0.7 for DWI 3 (Table 4).

To confirm the sensitivity, accuracy and 
specificity of DWI 12 & 3 as potential diag-
nostic sequences to discriminate improving 
lesions from non-improving lesions versus CE 
T1WI, a more receiver-operator-characteris-
tics (ROC) test was conducted. DWI 12 data 
made a specificity and sensitivity of 62.5% 
and 94.7%, combined with an AUC (area un-
der the curve) of 84%. In addition, the speci-
ficity, sensitivity and AUC for DWI 3 for pre-
dicting the improvement of the demyelinating 
lesions on CE T1WI were 62.5, 86% and 79%, 
respectively. Moreover, there was the statisti-
cally significant difference between two AUC 
(DWI 12 & 3) (P=0.04) (Figure 1).

Based on signal intensity on various MRI se-
quences, demyelinating lesions illustrated four 
various imaging patterns. Results obtained are 
shown in Table 5.

Discussion
Ordinary MRI, consisting of FLAIR, T2- 

weighted, pre- as well as post-contrast T1-
weighted scans has had a vital effect on MS 
early diagnosis and investigating to upcoming 
experimental agents as well as treatment [21]. 
However, lesions are hyper- intense on T2-
weighted as well as FLAIR images in com-
parison with the background, on T1- weighted 
images (T1 WI), MS lesions have been usu-
ally isointense to the white matter; in addi-
tion, when tissue injury, which is chronic, or 

AUC value Accuracy of test
>0.9 Highly accurate

0.8-0.9 accurate
0.7-0.8 Moderately accurate
0.5-0.7 uninformative

Table 3: The criteria of the area under the 
curve (AUC).

>0.9 excellent
0.75-0.9 good
0.5-0.75 moderate

<0.5 poor

Table 2: The criteria of Intraclass correlation 
coefficient (ICC).
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enhancement, they may appear hyperintense. 
Because of some GBCAs limitations and side 
effects, active MS plaques were evaluated by 
some studies with alternative sequences [15, 
22, 23]. Mainly, this study aims at investigat-
ing the comparability as well as reliability of 
3 & 12 directional DWIs in comparison with 
CE T1WI in diagnosing enhanced MS lesions.

It is shown that the reliability of DWI 12 was 
the best and made higher reliability compared 
to DWI 3 (ICC= 0.93, ICC = 0.64, respective-
ly). Small enhancement can be investigated 
better on CE T1WI & DWI 12 in compari-
son with common DWI (DWI 3). However, 
77.5% cases showed hyperintense lesions in 3 
directional DWI, and 84.7% of patients pre-
sented hyperintense lesions in 12 directional 
DWI. Thus, DWI 12 was able to detect more 
enhanced lesions compared to DWI 3. DWIs 
12 & 3 in comparison with the CE T1WI are 
assayed as a reference; in addition, DWI 12 
has a noticeable comparability with the CE 
T1WI (ROC AUC > 0.8) and DWI 3 has only 
suitable comparability (ROC AUC > 0.7). 

Intraclass Correlation Coefficient

Sequence Intraclass Correlation
95% Confidence Interval F Test with True Value 0

Lower Bound Upper Bound Value df1

DWI 12 0.929 0.903 0.949 27.320 137

DWI 3 0.643 0.533 0.731 4.595 137

Table 4: Results of intraclass correlation coefficient (ICC) calculation for diffusion-weighted im-
aging (DWI 12 & 3).

Figure 1: Difference between two area un-
der the curve (AUC) diffusion-weighted im-
aging (DWI 12 & 3).

severe inflammatory edema happens, it can be 
hypointense. After administrating a gadolin-
ium-based contrast agent (GBCAs), if same 
lesions have been in the acute inflammatory 
phase and considered active due to contrast 

Lesion type
MRI sequence

T2-FLAIR CE T1WI DWI ADC eADC
Type I hyperintense hyperintense hyperintense hypointense hyperintense
Type II hyperintense no enhancement hyperintense hyperintense hypointense
Type III hyperintense no enhancement hypointense hyperintense hypointense
Type IV hyperintense hyperintense isointense isointense isointense

Table 5: Imaging Patterns of Demyelinating Lesions on Different Magnetic resonance imaging 
(MRI) Sequences.
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Moreover, a statistically significant differ-
ence has been between two AUC (DWI 12 & 
3). Therefore, DWI 3 might not be replaced 
with the CE T1WI as “gold standard” test. In 
2014, based on the study carried out by Lo et 
al., however, CE-MRI cannot be replaced with 
common DWI to demonstrate dissemination 
in time, which is vital in MS diagnosis [15], 
DWI 12 was validated with good accuracy 
(AUC >0.8). Therefore, although more time is 
necessary for DWI 12, it is more accurate and 
reliable.

The contrast shown using DWI (diverse CE 
T1WI) depended on the water molecular mo-
tion. On DWIs, many false positive type II le-
sions were not improved on CE T1WI due to 
two probable causes as follows: initially, the 
hyperintensity owing to water diffusion chang-
es in the lesions lasts longer and has been also 
more sensitive, which might continue for sev-
eral months compared to lesion improvement 
owing to transient BBB disruption, which last 
4–6 weeks [24-26]. Secondly, the high signal 
intensity of a few lesions on DWI might be 
ascribed to the effect of “T2 shine-through”. 
The intensity of signal on DWI is affected with 
diffusivity of water as well as the intrinsic T2 
properties of the tissue, which were examined. 
The incremental water amount in demyelinat-
ing lesions might lead into prolongting T2 re-
laxation time as well as high signal on T2WI, 
in addition to hyperintensity on DWI [24]. 
Echo-planar spin echo T2WI (b = 0 sec/mm2) 
could be utilized to catch an eADC map from 
DWI images to eliminate the T2 shine-through 
effect. Based on the results, two MRI sequenc-
es, including T1WI and DWI 12, may be used 
in combination to obtain higher sensitivity; 
however, every method can individually show 
the lesions in 80 - 90% of the patients. There-
fore, the final decision regarding using DWI 
12 in combination with CE-MRI is clinically 
important. 

Based on results this study and unlike study 
carried out by Lo et al., most of improving 
lesions include unusual hyperintensity on 

DWI. Besides, type IV lesion improving on 
CE T1WI as well as nonhyperintense on DWI 
was detected, which is much more prevalent 
on DWI 3 (86% sensitivity) than DWI 12 
(94% sensitivity). Since the spatial resolu-
tion besides signal-to-noise ratio of DWI were 
omparetively suboptimal especially on DWI 
3 versus CE T1WI, these small-enhanced le-
sions (type IV) may not be obviously identi-
fied on DWIs ; thus, lesions larger than 3mm 
were studies by Lo et al, [15].

In This study, there were four various imag-
ing patterns of demyelinating lesions as fol-
lows: lesions showed improvement on CE 
T1WI and hyperintensity on DWI (hypoin-
tensity on the ADC & hyperintensity on the 
eADC), implying BBB damage as well as ac-
tive perivascular inflammation. In the few cas-
es such as early inflammation stage, active le-
sions might show limited diffusion along with 
cytotoxic edema, which imitate the radiologi-
cal features of serious stroke (decreased ADC). 
The decreased ADC signal might continue 
from one to two weeks to change into normal 
or increased signal [25, 27, 28]. CE T1WI can 
be useful for differentiating early stage of de-
myelination from serious ischemic infarction 
since active demyelinating lesions are occa-
sionally enhanced despite of acute ischemic 
infarcts [28]. Type II lesions did not show any 
enhancement and hyperintensity on CE T1WI 
and DWI II, respectively (hyperintensity on 
the ADC & hypointensity on eADC). There 
was any enhancement on the CE T1WI due 
to the BBB recovery. Although the constant 
hyperintensity on DWI might have a sugges-
tion of remaining extracellular edema with 
incremental diffusion, the T2 shine-through 
effect and prolongation of T2 relaxation time. 
Type III lesions reveal the lack of improve-
ment on CE T1WI. Besides, hypointensity on 
DWI (hyperintensity on ADC & hypointensity 
on eADC) might be owing to axonal loss as 
well as gliosis with expanding the extracellu-
lar space. They might result from “T1 black 
holes” on MRI as chronic lesions, showing se-
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rious tissue destruction [25, 29-31].

Conclusion
It was found that 12 directional DWI images 

have higher accuracy and reliability between 2 
various DWI sequences. Thus, in spite of low-
er specificity in comparison with CE T1WI, 
it could be a useful diagnostic succession to 
discriminate improving lesions from non-en-
hancing lesions as performance of CE-MRI is 
vital for patients. Regarding the advantages as 
well as disadvantages of CE T1WI and DWI 
12, there are two successions, which were 
used in combining for reaching higher sensi-
tivities, resulting in earlier diagnosis as well as 
more cost-beneficial treatment.

Acknowledgment
The authors must thank the research affair of 

Baqiyatallah University of Medical Sciences, 
Moslemin Hospital and all participants in this 
study.

Conflict of Interest
None

References
 1. Cunnusamy K, Baughman EJ, Franco J, Ortega 

SB, Sinha S, Chaudhary P, et al. Disease exacerba-
tion of multiple sclerosis is characterized by loss 
of terminally differentiated autoregulatory CD8+ 
T cells. Clin Immunol. 2014;152(1-2):115-26. 
doi: 10.1016/j.clim.2014.03.005. PubMed PMID: 
24657764. PubMed PMCID: PMC4024444.

 2. Goldenberg MM. Multiple sclerosis review. 
Pharmacy and Therapeutics. 2012;37(3):175-
84. PubMed PMID: 22605909. PubMed PMCID: 
PMC3351877.

 3. Polman CH, Reingold SC, Banwell B, Clanet M, 
Cohen JA, Filippi M, et al. Diagnostic criteria for 
multiple sclerosis: 2010 revisions to the McDon-
ald criteria. Ann Neurol. 2011;69(2):292-302. doi: 
10.1002/ana.22366. PubMed PMID: 21387374. 
PubMed PMCID: PMC3084507.

 4. Rammohan KW. Cerebrospinal fluid in multiple 
sclerosis. Ann Indian Acad Neurol. 2009;12(4):246-
53. doi: 10.4103/0972-2327.58282. PubMed 
PMID: 20182572. PubMed PMCID: PMC2824952.

 5. Traboulsee AL, Li DK. The role of MRI in the 

diagnosis of multiple sclerosis. Adv Neurol. 
2006;98:125-46. PubMed PMID: 16400831.

 6. Gajofatto A, Benedetti MD. Treatment strategies for 
multiple sclerosis: When to start, when to change, 
when to stop? World J Clin Cases. 2015;3(7):545-
55. doi: 10.12998/wjcc.v3.i7.545. PubMed PMID: 
26244148. PubMed PMCID: PMC4517331.

 7. Scalfari A, Knappertz V, Cutter G, Goodin DS, 
Ashton R, Ebers GC. Mortality in patients with 
multiple sclerosis. Neurology. 2013;81(2):184-92. 
doi: 10.1212/WNL.0b013e31829a3388. PubMed 
PMID: 23836941. PubMed PMCID: PMC3770174.

 8. Da Cruz LC, Batista RR, Domingues RC, Bark-
hof F. Diffusion magnetic resonance imaging in 
multiple sclerosis. Neuroimaging Clin N Am. 
2011;21(1):71-88. doi: 10.1016/j.nic.2011.02.006. 
PubMed PMID: 21477752.

 9. Simon JH, Bermel RA, Rudick RA. Simple MRI 
metrics contribute to optimal care of the pa-
tient with multiple sclerosis. Am J Neuroradiol. 
2014;35(5):831-2. doi: 10.3174/ajnr.A3937. 
PubMed PMID: 24699092.

 10. Lohrke J, Frenzel T, Endrikat J, Alves FC, Grist TM, 
Law M, Lee JM, Leiner T, Li KC, Nikolaou K, Prince 
MR, Schild HH, Weinreb JC, Yoshikawa K, Pietsch 
H. 25 Years of Contrast-Enhanced MRI: Develop-
ments, Current Challenges and Future Perspec-
tives. Adv Ther. 2016;33(1):1-28. doi: 10.1007/
s12325-015-0275-4. PubMed PMID: 26809251. 
PubMed PMCID: PMC4735235.

 11. Absinta M, Sati P, Reich DS. Advanced MRI and 
staging of multiple sclerosis lesions. Nat Rev 
Neurol. 2016;12(6):358-68. doi: 10.1038/nrneu-
rol.2016.59. PubMed PMID: 27125632. PubMed 
PMCID: PMC5074769.

 12. ACR Committee on Drugs and Contrast Me-
dia. ACR manual on contrast media: Version 9 
[Internet]. 2013. [cited 2013 March 21]. Avail-
able from: http://aegysgroup.com/wp-content/
uploads/2014/03/170675431-2013-Contrast-Me-
dia-ACR-v-9.pdf. 

 13. Thomsen HS, Morcos SK, Almén T, Bellin MF, Ber-
tolotto M, Bongartz G, et al. Nephrogenic systemic 
fibrosis and gadolinium-based contrast media: 
updated ESUR Contrast Medium Safety Commit-
tee guidelines. Eur Radiol. 2013;23(2):307-18. 
doi: 10.1007/s00330-012-2597-9. PubMed PMID: 
22865271.

 14. Le Bihan D, Iima M. Diffusion Magnetic Resonance 
Imaging: What Water Tells Us about Biological 
Tissues. PLoS Biol. 2015;13(7):e1002203. doi: 
10.1371/journal.pbio.1002203. PubMed PMID: 
26204162. PubMed PMCID: PMC4512706.

743



J Biomed Phys Eng 2020; 10(6)

Meftahi G. H. et al

 15. Lo CP, Kao HW, Chen SY, Chu CM, Hsu CC, Chen 
YC, et al. Comparison of diffusion-weighted im-
aging and contrast-enhanced T1-weighted imag-
ing on a single baseline MRI for demonstrating 
dissemination in time in multiple sclerosis. BMC 
Neurol. 2014;14:100. doi: 10.1186/1471-2377-
14-100. PubMed PMID: 24885357. PubMed PM-
CID: PMC4036427.

 16. O’Donnell LJ, Westin CF. An introduction to dif-
fusion tensor image analysis. Neurosurg Clin 
N Am. 2011;22(2):185-96. doi: 10.1016/j.
nec.2010.12.004. PubMed PMID: 21435570. 
PubMed PMCID: PMC3163395.

 17. Ni H, Kavcic V, Zhu T, Ekholm S, Zhong J. Effects 
of number of diffusion gradient directions on de-
rived diffusion tensor imaging indices in human 
brain. Am J Neuroradiol. 2006;27(8):1776-81. 
PubMed PMID: 16971635.

 18. Kingsley PB, Monahan WG. Selection of the opti-
mum b factor for diffusion-weighted magnetic res-
onance imaging assessment of ischemic stroke. 
Magn Reson Med. 2004;51(5):996-1001. doi: 
10.1002/mrm.20059. PubMed PMID: 15122682.

 19. Koo TK, Li MY. A Guideline of Selecting and Re-
porting Intraclass Correlation Coefficients for Reli-
ability Research. J Chiropr Med. 2016;15(2):155-
63. doi: 10.1016/j.jcm.2016.02.012. PubMed 
PMID: 27330520. PubMed PMCID: PMC4913118.

 20. Hajian-Tilaki K. Receiver Operating Characteristic 
(ROC) Curve Analysis for Medical Diagnostic Test 
Evaluation. Caspian J Intern Med. 2013;4(2):627-
35. PubMed PMID: 24009950. PubMed PMCID: 
PMC3755824.

 21. McDonald WI, Compston A, Edan G, Goodkin D, 
Hartung HP, Lublin FD, et al. Recommended di-
agnostic criteria for multiple sclerosis: guidelines 
from the International Panel on the diagnosis of 
multiple sclerosis. Ann Neurol. 2001;50(1):121-7. 
doi: 10.1002/ana.1032. PubMed PMID: 11456302.

 22. Davoudi Y, Foroughipour M, Torabi R, Layegh 
P, Matin N, Shoeibi A. Diffusion Weighted Imag-
ing in Acute Attacks of Multiple Sclerosis. Iran J 
Radiol. 2016;13(2):e21740. doi: 10.5812/iranjra-
diol.21740. PubMed PMID: 27679697. PubMed 
PMCID: PMC5035938.

 23. Suzuki M, Kudo K, Sasaki M, Takahashi S, 
Takahashi J, Fujima N, et al. Detection of active 
plaques in multiple sclerosis using susceptibility-

weighted imaging: comparison with gadolinium-
enhanced MR imaging. Magn Reson Med Sci. 
2011;10(3):185-92. doi: 10.2463/mrms.10.185. 
PubMed PMID: 21960001.

 24. Roychowdhury S, Maldjian JA, Grossman RI. Mul-
tiple sclerosis: comparison of trace apparent dif-
fusion coefficients with MR enhancement pattern 
of lesions. Am J Neuroradiol. 2000;21(5):869-74. 
PubMed PMID: 10815662.

 25. Eisele P, Szabo K, Griebe M, Rossmanith C, Förster 
A, Hennerici M, et al. Reduced diffusion in a sub-
set of acute MS lesions: a serial multiparametric 
MRI study. Am J Neuroradiol. 2012;33(7):1369-
73. doi: 10.3174/ajnr.A2975. PubMed PMID: 
22576893.

 26. Rosso C, Remy P, Creange A, Brugieres P, Cesaro P, 
Hosseini H. Diffusion-weighted MR imaging char-
acteristics of an acute strokelike form of multiple 
sclerosis. Am J Neuroradiol. 2006;27(5):1006-8. 
PubMed PMID: 16687533.

 27. Rigby H, Maloney W, Bhan V. Diagnostic consid-
erations in acute MS lesions with restricted diffu-
sion on MRI. Can J Neurol Sci. 2012;39(4):525-
6. doi: 10.1017/s0317167100014074. PubMed 
PMID: 22728863.

 28. Balashov KE, Aung LL, Dhib-Jalbut S, Keller IA. 
Acute multiple sclerosis lesion: conversion of re-
stricted diffusion due to vasogenic edema. J Neuro-
imaging. 2011;21(2):202-4. doi: 10.1111/j.1552-
6569.2009.00443.x. PubMed PMID: 19888931. 
PubMed PMCID: PMC2891920.

 29. Narayana PA, Zhou Y, Hasan KM, Datta S, Sun 
X, Wolinsky JS. Hypoperfusion and T1-hy-
pointense lesions in white matter in multiple 
sclerosis. Mult Scler. 2014;20(3):365-73. doi: 
10.1177/1352458513495936. PubMed PMID: 
23836878. PubMed PMCID: PMC3844029.

 30. Rovira A, Auger C, Alonso J. Magnetic resonance 
monitoring of lesion evolution in multiple sclero-
sis. Ther Adv Neurol Disord. 2013;6(5):298-310. 
doi: 10.1177/1756285613484079. PubMed PMID: 
23997815. PubMed PMCID: PMC3755529.

 31. Yurtsever I, Hakyemez B, Taskapilioglu O, Erdogan 
C, Turan OF, Parlak M. The contribution of diffu-
sion-weighted MR imaging in multiple sclerosis 
during acute attack. Eur J Radiol. 2008;65(3):421-
6. doi: 10.1016/j.ejrad.2007.05.002. PubMed 
PMID: 17587524.

744


