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Background 

Multiple sclerosis (MS) is an acquired demyelinating disease of the central nervous 

system of unknown origin, affecting mainly young adults and causing various 

neurological symptoms, including cognitive impairment (CI). The prevalence of CI 

among patients is 26-60%, it occurs early in the disease course and affects the quality 

of life of patients. CI in MS affects cognitive processing speed, visuospatial and 

verbal memory, cardinally assessed by neuropsychological testing (NPT). In the 

recently published literature, interesting associations between new MRI (Magnetic 

Resonance Imaging) techniques and indices have been documented. In parallel, there 

have been attempts to link CI with the P300 event-related potential, which reflects 

brain cognitive function during the oddball paradigm task.  To our knowledge, there 

have been no studies examining the relationship between the electrophysiological and 

the new automated and non-automated MRI markers of CI in MS.  

Aim 

The primary aim of this study was to investigate the relationship between specific 

MRI markers and the P300 event-related potential in MS. Secondary aims include the 

examination of the diagnostic accuracy of the NPT and neurophysiological testing and 

the role of neurophysiology and neuroimaging in CI in MS. 

Materials and Methods 

This is a cross-sectional study of 61 patients with relapsing-remitting MS and 51 age 

and gender matched healthy controls A sample of 156 healthy controls was also used 

to ascertain CI based on the NPT. Measurements included sodiodemographic factors, 

disease-related characteristics, NPT (Brief International Cognitive Assessment for 

Multiple Sclerosis-BICAMS), fatigue (using visual analogue scales), psychological 

state (Depression Anxiety Stress Scale 21-DASS-21), electrophysiological markers of 

the P300 event-related potential and fully automated (3D, MIPAV, SIENAX and 

FIRST methods) and non-automated (2D, e.g. third ventricle width, corpus callosum 

index etc.) MRI assessments. 

Results 
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44.3% and 67.2% of MS patients were found with CI based on NPT and 

neurophysiological testing, respectively. The agreement rate of these two testing 

methods reached 56.9%. Electrophysiological testing had slightly more diagnostic 

accuracy compared to NPT (76.1% vs. 71.4%) for separating MS and healthy status. 

P300 amplitude and latency were significantly positively and negatively correlated 

with cognitive function, respectively. P300 latency was better at discriminating MS 

patients vs. healthy controls, irrespective of their cognitive function, while P300 

amplitude was better at detecting CI among MS patients. Visuospatial memory 

separated patients with and without electrophysiologically defined CI, while cognitive 

speed processing distinguished MS patients from healthy controls. Reduced P300 

amplitude was associated with decreased both grey matter and peripheral grey matter 

volume. Frontal horn and third ventricle width were found to be significant 

determinants of the P300 amplitude. P300 latency was not associated with any MRI 

marker. Statistically significant differences between patients with and without CI 

were also found for third ventricle width and volume, corpus callosum index and 

lesion volume. The main determinants of the total cognitive score were the corpus 

callosum index and lesion volume. The main determinants of the cognitive speed 

processing was the corpus callosum index, for verbal memory the frontal horn width 

and lesion volume and for visuospatial memory the third ventricle width. 

Conclusions 

This study showed that electrophysiological testing is as effective as NPT for 

assessing cognitive function in MS. In addition, the combined MRI and 

electrophysiological testing permits a more comprehensive assessment of cognitive 

function in MS. In the future, these assessments are expected to play a crucial role 

both in the clinical research and in the clinical surveillance of MS patients by 

neurologists.  
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AUC :Area Under the Curve 
BCR :Bicaudate Ratio 
BICAMS :Brief International Cognitive Assessment for Multiple Sclerosis 
BRB-N :Brief Repeatable Battery of Neuropsychological tests 
BVMT-R :Brief Visuospatial Memory Test-Revised 
CCI :Corpus Callosum Index 
CVLT :California Verbal Learning Test 
EBV :Epstein-Barr Virus 
EDSS :Expanded Disability Status Scale 
ERP :Evoked-Related Potential 
FHW :Frontal Horn Width 
FLAIR :Fluid Attenuation Inversion Recovery 
HLA :Human Leucocyte Antigen 
MACFIMS :Minimal Assessment of Cognitive Function in Multiple Sclerosis 
MAG :Myelin Associated Glycoprotein 
MHC :Major Histocompatibility Complex 
MRI :Magnetic Resonance Imaging 
NBV :Normalized Brain Volume 
NFHW :Normalized Frontal Horn Width 
NTVV :Normalized Third Ventricle Volume 
NTVW :Third Ventricle Width 
PASAT :Paced Auditory Serial Addition Test 
SDMT :Symbol Digit Modality Test 
SF :Scaling Factor 
SRT :Selective Reminding Test 
TVV :Third Ventricle Volume 
TVW :Third Ventricle Width 
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1  υ  α  α  

 

1.1 π α   

 

 υ  α  π α  ( )  π απ  υ  α  α π  

απ υ   υ  υ  υ α  ( ) π υ π  

υ  υ   υ α α   3  α α   υ .  

 υ π   α π π   υ α  α    4.3 π α  

α  100,000 α π  α    π π α  83 α α  100,000 α υ , 

 α υ  α  α α    υ πα   (1). 

  υ α  π   π  α α   α  υ α α   απ  

α   υ 2:1,    α φ   υ α  α 35-64 . 

Θ  α   φα  π π υ  5-10%  α   α 

  π  (1).    π π α   υ α  149.2 α  

100,000 α υ    α   α υ   α  

π π α ,     υ υ υ α  π   α  π π υ 3.13:1 

(2).  α    α π π   υ α  0.15-1.9 π α  

α  100,000 α π  α   π π α  0.75-21.5 α  100,000 α υ  (3). 

 α  π π α   υ υ α α   0.77-5.80 α  100,000 

α υ ,   υ α  π   απ  0.7-9.0:1 α    α φ  

 υ α  α 25.3-46.4  (4). Ό  αφ    α  α   α 

φ ,  π π α   υ υ α α   14.77-101.4 α  100,000 

α υ ,   υ α  π   α  0.8-4.3:1 α    α 

φ   υ α 25.2-32.5  (5). 

 α,  υ   υ  α απ   1984   2006 

υ  α α  υ π π α  απ  10.1/100,000  119.61/100,000 α   

π π  απ  2.71/100,000  10.73/100,000 (6). 

Γ α π  α  α α     απ α  απ     

π π α   υ. υ α,   υ  απ   

αυ  π π  α  π π α      π υ α    

. α α αυ , αυ     α α α φ    
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α α   π   α  α α α    

 υ α α  (7). π ,  υ α  α    α  υ 

π π α  α   π π   υ, α α  υ α ,  π υ  

π α  α  υ  α υ  πα  υ π υ  π α  

(7). α  αφ     α α      α υ  

α    αφ  υ  φ   υ π α  α  

α α  υ υ  α  αυ  υ α      10-20  

(8).  

Ό  αφ  υ  πα  υ,  π υ υ  α α   α α 

α  α  υ π   πα α :   α    α  

α α α     α ( . υπ   υ )  υ υα    

   Epstein-Barr virus (EBV)   α,   α  D 

α  α α  π π α  25-υ υ α  D3  υ υα  α   

πα υ α υ HLA-DRB1*1501 απ π υ απ   π      

 α    υ α υ,   απ υπ  HLA-DRB1*1501-

DRB5*0101  π  π α     α   EBV,  

π α α   πα υ α υ απ υπ υ HLA-DRB1*1501 απ υ α υ HLA-A*02 

 υ υα    πα υ α α (9–11).  α  π υ φ   

υ  π     α  αφ  α υ  υ  (π. . IL2, IL7 

.α.) α  υ  (π. . TNFα, heat shock proteins .α.) (12,13). π  υ  

π α  πα  υ  α  α   α  α  

υπ π   υ,   απ  π  α  α  α α υ  

πα α (14). 

α π  α  α  π υ υ    α α-

α υ  α  α πα α : υ  υ α α 16.3%, υ  

υ α α α 8.9%, υ  υ α α 4.7%, υ  υ α α α 

4.1%, α φ α υ φ υ 4.6%, α φ α αφ  φ υ 3.2%, α φ α  

2.18%, α  1.42%,  0.63%, 2 υ  3 υ α  υ  <1% (15).  

υ φ  υ HLA υ α  (Human Leucocyte Antigen)   

π π α   α  π π υ 18% (15).  α π φα  α-α υ   

  υ      α υ  υ  

α  40-60%,  π  α  29% α    α   π  α  α  

10-30%  π π α   (16). 
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1.2 α α   

 

 πα α  υ α  π π   αυ υ  α  α 

π α    α   α   π α  υ, α  α   

α υπ   π   π  α π α  α  α α  

α α φ  υ  ( υ  υ ) υ  (17).  υ  

πα  α α  π υ α υ  α  π     υ α  

 φ υ α  ,  π   α ,  απ υ ,  

α   α   α α  υ  (18). Ό  αφ   πα  

α α   π α    π υ α     φα  α   

α  υ , υ  π αφ   π  ( α α  1) (19,20). α  

α  , α   π     α   α α    π α 

 υ (19). α  πα α α  α α   απ υ  

π α  α   α (υπ υ α α, φα υ  υ  απ  

α φ α, υ  φ α  υ MHC  II -Major Histocompatibility 

Complex-  απ   α), α  (  απ υ , 

φα υ  υ  απ  α φ α, φ α  MHC-II  απ  

α  α α α  α φ α   π φ α  π α ) α  α 

α  (α α  υ , απ υ , απ υ α φ  υ  α  

MHC-II φ α ) (21). 

α α  1 π   απ υ     

π  α α α Χα α η  
α  

χ α 

 CD8+ T-
φ α α, 

α φ α, 
π α 

α  
α α 

 υ α , 
α α πα α υ  

 

αφ  α, 
π φ  φ  

15%  
α  

 Όπ   , π π  
α α α α  

π  
υ π α 

 υ α , 
α α πα α υ  

αφ  α, 
π φ  φ  

58%  
α  

 π  
α 

π π , α φ  
(dying-back) 

π α 
 απ α 

π  MAG (myelin 
associated glycoprotein) 

  

αφ  α,  
π φ  φ  

26%  
α  

IV α φ α α  T-
φ α α 

  απ π  
απ α 

  

αφ  α, 
π φ    

φ  

1%, υ  
 

π πα  
π α φ  

 υ 
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   , φ α   π α  , π α α  απ  

α  α  π υ  απ   π φ α (π. . φ  

α)  α α     α  απ  α αυ α  

φ α α.   πα α  υ υ     π   

α υ : CD4+ Th1 α  Th2  - φ α α, CD8+ T-

φ α α, CD4+CD25+ T- υ  φ α α, Th17 φ α α, -

 φ α α, α α α φυ  φ  α  α - φ α α, α α α  α 

α α α, α υ φ α α  α α φ α (22).   α  

π   φ υ  α  π  α  π α υ   α  

  α    α α,  πα α υ α π π  α π  

(bystander epitope spreading)  απ     ,   απ  

υπ α α,  α α  φα   π π  (π. .  

υ α ),  α α  π π  π π   υ  π  

.α. (22). α π α α  α  π α φ α α α  

  α απ   α πα  α α φα  φ α  α  π α  

 υ   υ  υ α υ φ υ α α α  υ  α   

υ  α α π υ πα υ α  απ  α πα υ α  α α (π. . 

, α φ α, α, - φ α α, υ , α α α .α.) 

  α   υ  υ π α  υ α α  MHC 

  α   (22).     φ  α  α CD4+ T-

 φ α α,  α   πα υ  α α φ α   

φα υ   υ  α   πα   α υ α α (21,22).  

α α αυ ,   φα α     υ  υ α υ φ υ 

α  α   φα  υ α (3 π : α. φ -υπ φ , . φ  α  . 

υπ )  υ    α , υ   π υ  

φ   υ (23). α    φ -υπ φ  α  φ  

 πα υ  α - φ α α ( α   α - φ α α) α   

π α α  φ   α  φ   υ α   α   -

φ υ  ( α   - φ υ )   α α  

υπ    π υ  φ    (18,20,23).  

 α   φ  α     υ    

υ υ  α π  (cell adhesion molecules), υ , υ  

α  π  π υ υ υ    , α   

υ  α  υ υ   υ   υ   υ .  
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α α  υ  α   α  π α  α   υ   

 π   (23). α α,  φυ  φα  υ  α  φα  

υ α,  π  α   π α , φα υ  α  αυ  α α  π  α  

υ  φ , απ α α , π  α  α  α α  

υ  π υ   α    υ  π  απ υ  

(23). 

  π   υ,  φ  φα α  α π α     

( α α π ),  π α   α α φ     

α α  υ φ   π α υ υ  α  π   

απ  υ,  υπ α,  α υ υ α  ,   

 α      (18,23).  π υ  φ   υ 

φα α  π      - φ υ  α  π  α  απ   

αυ   - φ υ  (20,23).  

α π α α  υ φα α   υπ  π  α  π  

 α  υ   υ α   πα α υ  (20). α α, 

 υ  α φα α  α α α   υ   α απ  

π υ  υ  π ,  απ α  α υ   φ   

α απ α . Ό α   α  π  α  υ  α  

υπ α ,  υ  υ φ  π α   α  π υ  

 α απ α  α . 

 

1.3  α α     

 

  π α  υ π α α α  υ  α  απ  α α 

υ  υ α α π. . α , α α , ,  α  

π α , φ α , υ  α   (24).  υπ  α α 

υ π α α α     α ,  π π α,  α ,  απ α  

α α ,  α α α   ,  π   πα υ   π υ 

υ  υ ,  α α α   α  αφ υ ,  υα  α α α  

α   α α  α  α    π υ    

α    υ αυ α (  Lhermitte) (25). α α αυ  α π  π α 

υ π α α π  α φ α φ  π  α α υ   α   

υ (26). α υ π α α α  υ    α   α  

π α   4 , α α υφ  α α αυ α α  
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απ α.  π υ  φ   υ    υ π  α  π  

α ,   φ  υ  π   α  . 

  π α  υ π  απ  α   α  α  π  α α   

 α  υφ  (υπ π υ α)  π υ  ( α 1).  π  

α   85-90%  α  α  α  π  υ   υ α  α  υ   

α 30    υ  (25). α α α  απ  π α υ  

π  π υ α  π  απ  24  α   υ α  απ  πυ .  

απ α α  π  α α  π   α ,  α   α  υφ  

  α υ α  α  α . α,  π πα  

π υ   π α φ   υ, π υ   ,    α 

υ α υ α α  π α .   10-15%  π π , 

α    υ  υ   α   υ α  α  φα α   α  

υ   (   α 40 ) (25).  α   υπ π υ α  

φα υ  υ  υ  π α π α    α υ  

α  α α  υ υ  α απ α . 

 

 

α 1   φ    
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Γ α  α    υ π α     α  

α  α  α α  α, α     

" α π    α   " (25).   α    α  α  

α  α  α  απ   υ  υ  π υ 

π υ ,  π  α    υ  φ . υ  υ π α  

απ   απ   α  αφ α MRI (Magnetic Resonance Imaging) 

φ υ α  α υ α    πα α α  υ α .  αυ ,  

π  απ   80-90%  α  α α α   π α , 

υπ φ , υπ α    α  α,     3mm α  

 α α   α π υ α  α α   απ υ , υ  

 2 α  FLAIR (Fluid Attenuation Inversion Recovery) α υ  (25).  

π  πα α α  υ α  απ  αυ     1 α υ  α  

 α  α  φ .  πα υ α " α  υπ " ("black holes") 

 1 α υ  α  α  πα α α    

 (27).  α  υ φα α υ υ  α α  υ  π α 

π υ  φ υ α  π υ (<25 α α/cm3), υ  π  

( υ  <100mg/dl) α  πα υ α IgG    α  υ IgG 

index (>0.6)  90%  π π  (25). α α αυ   α  

 , α  α  α  π  υα  α  ,  α   α 

 .  α   π     υ πα υ   

φυ   α  υ  α π  α  α α υ  π  

υ α .  α  πα  α α αφ   αυ  α   πα υ α 

υπ  α    α  α α π   . 

  α  π υ α  α π   α   υπ α  αφ   

υ    πα απ  , απ  α  α α  π φ  

α α  α φα  α α  α   α McDonald 2010, αφ  

α α  απ  υ     (28). α α αυ  φα α  

 α α 2. α α McDonald α   α   α     

    α α α  πα  , ' αυ  α  

 α  υα α α    α  . α   5-10%  

π π  υπ  φα     α  αυ   π  

α   α αυ α (π. . α φ φ π  ),  (π. . 

 Lyme), α  (π. .  12) α   α α (π. . 
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α υ υ φ α) π υ α π π  α απ α  (29).  π π   

  υ π υ π υ  α   π  α α 

υ υ, α  π  α π  α α υ υ,   α   

 υ  υ υ υ  π υ ( , clinically 

isolated syndrome, CIS) (30).  πα υ α   απ υ ,  

  πα υ α  υ π α α   α   υ  

π  υ α υ, υ υ  α    α   

 ( , radiologically isolated syndrome, RIS),   α α 

Barkhof-Tintore (31,32). 

 

α α  2 α α McDonalds 2010  α     

 

Κ  π α1 

 π π  Κ α α η 
ω η 

2  π α  
αφ  2 α  

π  υ  

3  π α  α 2  
π α π α  1 π   
α π    α α π π  
πα α   αφ  π  υ  

α α. 

2  π α  
αφ  2 

3  π α  α 1 
π  υ  α  α 2 π α 

α π   4: 
- ≥1 2 α  ≥2 π  
(υπ φ , π α , 
υπ α , α  υ )  
- α α  α α π π   
π   αφ  π  
υ  

1 3  π α  α 2 
π  υ  

α π   : 
- αυ  πα υ α  
(Gd+) α  α  π   
- α α α  MRI 
α α  υ '  
- α  α   
π  

1 3  π α  α 1 
π  υ  

α α α π    
α   

υ   1  π υ  π α  υ α  υ  2 απ  α πα α  3: 
1. α π     πα υ α ≥1  π α , υπ φ   
υπ α  
2. α υ α ≥2   α  υ  
3. Θ      ( α    ) / α  αυ  IgG 
index 

1  υ π α α  α υ α    , α  24   π , απ υ α πυ   
 α  αφ   π  α 30  υ  α α . 

2 π α     30  
3  π α    α  / α  υ φυ  .  φ  υπ  

υ π  α  , απ υ α α  υ  π  α  α α  
 π . 

4   π υ π α    α   α    π α . 
:  υ  α, MRI: Magnetic Resonance Imaging, : φα α   
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1.4    

 

υ ,  50%  α  α α  υπ     15 α 

απ   α   υ,    10%  α  α α απ α  απ  

25 α α α α   απ α (33).  π  α α  

α   α  φ ,   α α   υ,  πα υ α  

υ π  α   α  α   π υ  φ   υ (33).  50% 

 α   υπ π υ α  α απ   υ  π α 

φ  α 10 α απ   α  (34).   φυ  α   υ 

απ υ     α  α   α :  π   αφ   

 α   α  α απ  α α απ α (  3.0 α  

Expanded Disability Status Scale, EDSS) (35)  π  π α   φ  α  

π α π  πα α  π  α α    φυ  π α  υ, 

α     (  EDSS α  υ 3.0)  π  π α   

υ φ  α      α  α απ α (EDSS  6.0, . 

α α   )  π α  απ  α α  π  πα α (π. . 

π  υ, φα α υ  α  .) (36). υ     αυ α α  

α π υ  απ  π υ π α   π    υ α  π υ 

π  α α υ   φυ  π α  υ. α   " π " υ 

υ υ υ  α α α α   π  α π π  

απ  π  α   φ ,   α α ,  φ υ α ,  

φ υ α  υ α ,  φ ,  α α υ π  α   

α υ υ π , α  α  α α α  απ  π  α  α 

,  α ,  υ φ φα ,  α α π  α    

(37,38).  α υ  α π π  απ α α    

 απ  α   α  α  υ α    

απ υ   υ α π α α (39).  

 

2  Γ  υ   υ  α  α  

 

2.1  π    α α α    
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  α α α  (Γ )   αφ   α α π α α  

π φ ,   α α ,   ,  ,  π  

 α  ,   π ,   υ  α   

π υ  π  (40) ( α 2). π ,  α α α    

(φ α ) υφ α α    υ α α  απ   π  π υ 

πα υ α    α α α   α    α απ α (41,42).  

α      φα α   π α   α α α   

π   (43). α   π α  υ,  α α π α α   

π φ  α    π  α  αυ  π υ π α   α  

α  (44),   π  α α   π  α π    Γ   α π  5 

 πα α  (45). 

 

 

α 2  υ α   α α α    

 

    υ υ     α  α  α  

υ . Γ α πα α,   α α π α α  π φ    

α α   α  π  α    υ   α  

αυ  α   (46). π , α    α α α  
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φα υ  α  π α α   α  απ φ  (47). 

      υ α α   α  α  

π  υ  π υ    π. .  ,   

(48,49).  

 

2.2  υ α   α α α    

 

 α π φα    π π α   Γ  α  40.5% α  , 36.9% 

α  υπ π υ α , 96.8% α  υ  π α  α  85.7% 

α  π πα  π α  (50). α  π  π π  

  α α  α  α    υ α 125 α  

   α  α  α 3  α  α     α α 

π α α  π φ   α α α  π π υ  α   

α    π π α   Γ  α  44% (95%CI: 35.2-53.1%) (51).   

 Γ    α  α  α   π υ  φ   υ 

(52), φα α    π α  υ (53) α  αυ    π  υ 

υ. α 30 α  υ π π υ   α  φα υ  α α α  

 α α π α α   π φ ,  π  α   ,   

 α α  α   π υ  π   υ α απ  

α  π  πα  (54). π ,  3 α απ   α   

υ,  α   α  α α α  α π υ    υ  

υ α (55).  α  18    22 α   α   

Γ  (απ  41%  59%)   ,   α α π α α   π φ  

α απ   υ  α   π υ π α  (56).   π φα  

    α α   α   α  α απ α  α    π  

  α    π π  πα   Γ  (57). 

 α  π π    α, Γ   απ   α 

α π      (58).  α αυ , α  α    

υ υ   (>1 υπ  απ  απ    ) α  2.81 φ  

α  υ  α α π υ  υπ π υ α   α π α 2 α. Ό  

αφ   π πα  π α ,  Γ  α  α  α  π   

π  υ π   α  20 .  

  α     Γ  α  υ  (π. . 27.6%   α  57%  ) 

α  α  υ    π      φα  α φ α  (59–
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64).      α  α α α  α  πα    

υπ π υ α  α  αφ  υ   α α π α α  π φ  

(65). π υ 5   απ     υ α π α   54%  

α  υ   υ  φ  2  (66).  

 Γ  φα α  π  α   α   α   ( . α υ 

π  απ  10  α  EDSS <=2.0) (67).  α π π  10   342 

α ,  α   α   (12.5% υ α ) φ α   π  

47% Γ  α   π  53.3% α   απ  10 ,   81% 

π    υ α (68).  

, α π π  α   π π υ  α   α  υπ   

υπ    υ  υ α,  υ  π υ   α 

α α α  απ  π  ,  α  α  (69).  α  α  

 π φ  υ  α α υ  απ    Γ   π  50%,  α 

 α α υπ  απ  α   π υ  φ   υ 

(70). 

 

2.3      α α α    

 

 υ     Γ    α  α υ υ  .  

  α ,  υ α  Γ  π α  απ   π  π υ αυ  

α   φ  .  α υ α  α α π    αυ  

απ   Fischer M α  υ , α α α  υ  70   π υ 

α α   3 υ  π : 1.   α   πα  

πα α      ( υ α π     υ 5 υ 

α υ α  20%  πα α )     , 2.  

  π  α  (π. .   α  -     

υ υα   α π    α ),  3. υ υα  αυ  

(71).  υ  απα  π  α   π .  

 α   υ α  Γ    α α   π  α : 

42±15% (π  1), 30±14% (π  2) α  50±16% (π  3).  

φ  π   α  α αφ υ  α  α  α  

υ .     Γ    π  α  41±15%.   α 

α α    υ αφ  α α α   φ  υ  

  Γ   " α α ", "αυ " α  " ".   αυ   



20 
 

α α  α π  Γ  α : 58±20% (" α α "), 37±13% ("αυ ") α  

44±13% (" "). α  α  αφ   α    

π ,  π  α α    αυ α α  π     

υπ α ,   π  α α  α υπ α .  α α   

πα α   α α   π α  α υ   π  1  α 

πα α  α: 32%, 17% α  7.5%  πα α      α 

υ    απ  1 (15.8%), 1.5 (6.6% α ) α  2 υπ  απ  

(2.3%), α , α    π  π α  α   

  υ υ υ 5 υ α υ (υπ   φυ  

π υ ) α π π υ  20%  πα α     (72).  

α απ  α π  υ  π α α α α   Rao's Brief Repeatable 

Battery of Neuropsychological Tests (BRB-N) (50). α α α  υ 

α υ BRB π υ π α   Symbol Digit Modalities Test (SDMT), 

 Paced Auditory Serial Addition Test (PASAT) α   Selective Reminding Test 

(SRT)  π  α  υα  α   α  α υ   Γ   

 (73). α  π  α  α   Minimal Assessment of Cognitive 

Function in MS (MACFIMS) (74,75). υ α  υ υ   

υ  π α  α   Γ    (76).  

α    α     υ α   

α    α   Brief International Cognitive Assessment for Multiple 

Sclerosis (BICAMS).  α  απ α  απ  α :  Symbol Digit 

Modalities Test (SDMT,  π  α  α α π α α  π φ ), 

 California Verbal Learning Test - Second Edition (CVLT II,    

 ) α   Brief Visuospatial Memory Test - Revised (BVMT-R,  

 π   α  ).    α   πα α, (77), 

 α (78),  α α  (79),  υα α (80),  α α (81),  

υ α α (82) α   α α (83). Γ α  α α   α   Γ  

π α  υ    υ 5% α υ ( α υ  α απ  

α 3 ) π  αυ  π π  απ   α   φυ  α (72). Ά  

 α απ   π  α    υ 1.5 υπ  

απ  ( π  π π  απ  α φυ  α )  υ   

  (84).  α   α    υ BICAMS υ  

 υ  α  απ  α   α υ  υ  (85,86). 
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 α π φα    63.6%  α   α α α   υ  

α   BICAMS (87).  SDMT φ  π  α α  π   α  π  

υα  α  απ   υ  π  PASAT α  α υ   

Γ  υ  α  (88,89). α  αυ   υ  π  π υ υ υ  

 αφ   π φ α  α α   π  υ φ υ,   

PASAT αυ   απα  υ  α   υ  υ 

π α υ φ  (90).  π φα α  SDMT α α  φ α απ  

 α  α    α π  α π  α   α α  

π α α   π φ  α   α  π π    

α α  α α  α   α  υ   α  (91). 

α, π   α  α  4 π υ   α  10% α  

 α . 

  α     υ BRB    BICAMS  192 

α     υ . α  α  α  α α α  

α α υ  α     υ  υ . α  α  α α 

α α α    π π υ α  α   Γ ,   α  υ φ α  υ 

 α π  (Cohen's K=0.46) (92).  α  BICAMS   

π   α  π π  πα α   α  υ α  

 α  (93) α   α α  α α  υ α  (94). 

 

2.4  π     α α α    

 

 πα  Γ   α    π α   π α α α π   

υ   (95).  α  8   α     Γ  α  α  

π    α π  υ   α  ,  

π υ α   α απ α ,  π   υ  π α  

α   π υ  υ φ  (96).  α π π   10    

α  π υ α α α   Γ  α    α  3 φ  α  

υ  α φ υ  EDSS 4.0  απ  10  α  2 φ  α  υ  α 

α π   υ  π α     α   Γ  (97).  

Γ  π π  π   α  α απ α 7   (98). 

 πα  Γ   α    υ υ α  π   π  α α α  

 π α  (99,100). Ό  αφ   α α, α   α  

π  π α  α α π υ  π α α  υ  α   
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π  (101).  α α  π   α   Γ  α   απ  αυ  

 Γ , π  αυ  α  απ  υ  π π  υ   α α, α  α   

α   Γ  α  α υ   π  υ  α α απ  α   

απ  Γ  (102). ,  α α π φ  υ  απ   SDMT πα  

απ  α   (103).  

π   Γ  φα α   π  α π   α  α απ   

α  υ π   π   α  π α    (104). 

  Γ  α  υ  α α α    υ  π  

α  α π  υ  α   π  υ  α   

υ α α π. . αυ α α, απ φυ  .α. (105).  α     

 Γ  π   α  π α     α , υ α  

αυ   απ φυ  α  υ υ α α  πα  αυ  π υ υ     

π α  α π  υ π α  (106).  α    α  

 υ α  π   π  αυ -απ α α 

(107). 

 Γ   α    π  α  φ  π υ     

α  π   α   α    υπ , (108,109), 

 υ φ   φα α υ  α  (110),  π α π υ (111),  

α  (112),  π  (113),  α  υ α (114) α   

π α  π υ α    υ α (115). π ,  Γ  π   

α  υ α α  υ  υ α υ α  (116,117)  

 (118) α     π  (119,120). 

 

2.5  MRI α υ  α   α α α    

 

 π    MRI   α  α π  

υ  αφ  α    Γ  α   π    

 (121).   MRI φα α  α α α α  α π α πα  

α α   υ π  α   φ  (  α    ) α   

υ φ  (  α   υ φ υ,  φα  α   υ  υ α  

α   υπ φ  ) (122,123).  

 α υ α  α α π     α    υ  0.5-

1.5% υ φα  υ    .  α α α π  υ π α α  

    υ   υ φ υ (normalized brain volume, NBV) 
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υ α    π    απ  (114).  φα  α φ α 

π  α α  απ    MRI α α  φα α   α   

α  υ (  απ    ) α  απ  α  π  

 α  α π  υ   υ  ,  α απ α,  π  α  

 Γ  (113).    φα  α   υ  υ α    π    Γ  

( υ    , π  , α α π α α  π φ  α  

 α α ) α   π α υ υ α  υ π α α ( α , 

υ φ α, υ α, , υφ α, απ α α    α α ) (124).  

Ό  αφ   φ  , αυ  υ  υ    π   

α α π α α   π φ  (125,126).    7 Tesla MRI (  

α α α α α   30-50%  πα α α  π α  

φ  α )    φ   α  π     

α  α απ α  α    Γ    (127). π ,     

 υ  υ α  α α  α  π π  πα   Γ  9 

  (128).      υ  υ α   υ  π   

α  Γ  (129). υ ,    υ φ υ α     

 α    Γ    α     π   α α 

π α α   π φ  (130,131). α   αυ    

φα α  α π π υ   φ   Γ   α  5   (132). 

υ π α α ,  υ    φα  υ α  υ φ υ α    

 απ υ   α   α  π  πα   

Γ  α  π π υ  20% αυ  (133). 

α  α  π απ   MRI      

υ α α    (134).   α υ  απ υ  α  

α    υ  υ υ  υ  υ  υ φ υ, 

  απ υ , υ φ  α   υπ φ    υ  

 α  υ  α  π υ α α α   Γ .    

π π  πα α ,    φα  υ α  φ    π  α  

π π  πα α   Γ  (135).  

α     α   π πα  π α    

  υ α υ α   π  υ  π   α  Γ   υ  

υ     (136). α   υ α  α υ φ  α 

 α  α α  Γ  απ  υ  υ  (137–139).    

   υ α υ α   α α α  α    υ  
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(140).    α υ   π    α υ, 

ππ π υ α  υ φ υ    φα α  π υ α    Γ  υ  

α  α  υ α   υ   α α  π α α   

π φ  (141).  υ π α α , π  υ  υπ υ     

υ α υ α π π  α απ   α α     

 (142). 

 α π υ  υ πα   (62 , 65 υ ), α   Γ  

α   α υ  υ  α    φα ,  α   υ  υ α. 

 α   α  π   α  πα  Γ  α   

α φ α υ  υ φ υ,  π φ  φα  υ α ,   

υπ φ   (π. . α , ππ α π , φ  πυ α , υφ  

φα  πυ α,  φα α, π  πυ α ) (143).  α    

υ  υ  α α αφ  α    φα   (φα  

υ α , π φ  φα  υ α , , φ υ πυ α, φ υ  

φα  πυ α,  φα α , α υ α  π  πυ α)    

υ  φυ  υ . α   αυ    ( α  υ  υ 

α υ α  υ φ υ    φα α )  α    

π   α α π α α   π φ  (144).  α  

π π    /α φ α  π φ  φα  υ α  α   

υπ φ      Γ   α   υπ π υ α  α  

π πα  π α , α , α α α   π α   

αφ    Γ  α    α  (145).  α  

   π  υπ φ   φ α    

    υ  υ ,  α   α φα υ    

α      υ α .  π  π υ  φ α  α αφ υ  

α   υ  υ  α  α υ    ππ α π ,  α υ α  α   

 π  πυ α , α  α  υ α    ππ α π ,   

π  πυ α ,  α υ α  α   υφ  υ φα  πυ α.   

υ α υ α       φ α  π  α α    Γ  

  (146). 

Όπ  α α α α   α φ α υ ππ π υ ( α  α α υ α ) α  

   υ  υ υ    α υ π α υ  α 

 π α α υ  α    (147).  α   

      , υ ππ π υ ( α α υ α ), 
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 φα  α   υ  υ α  α    υ  π. . 

π  α ,  , π , π  υ  α   

α α π α α  π φ  (148).    17   α φ α υ 

υ  α α    α  α απ α α    

α α α  α  υ   π   SDMT (149).  

   πα φα α π  υ     Γ    (150). 

    φα   πα φα α  ,    

π    π  π  α α    α α π α α  

π φ  (151).      υ π υ   πα φα α  

 α α α   π α α  π φ  (152). π  

  πα φα α φα α   πα υ  α     

υ  α    υφ α  α  (153). 

φ α  π  υ α  π υ φ  υ π α υ 

  α α α    υ  π. .  α  αφ  

υφ α (154). Γ α   υ  υ   α   υ  

  π   φα  α  υ  υ α    π απ α   

υ α  α   α α     π υ π  π  π  υ 

φ υ (155).  π υ  υ αφ  α  υ α  φ  

  α α α     α   π   α  

(156). 

π  υ  α υ  α   φα  α φ α     

3  α  (   α φ α  α ) π π  α α   

υ α      υ   (157,158).   BCR 

(bicaudate ratio π υ α  α  α  υ   π α   

 )  υ  π    SDMT (159).    

π   υ α   100 α       Γ  

  φα  α φ α (     BCR α    

 3  α ) α     φα  ,     3  

α  α φα   υ  υ  (160).       

 α     3  α  υ   α α     

υ α   (161). π   π   π φ α υ υ 

α    α α π α α   π φ  (162).  π υ 

  α   3  α ,  π φ α υ υ α  υ  υ 
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α υ  α  υ    α α π α α   

π φ  α    (163).  

  π  (π υ  α   υ     

υ α)     CCI (Corpus Callosum Index),  NBV α   

  ,     π   υ  π π   

 α , α  α   π   MRI     (119). ,  

CCI  υ      απ υ  ,   υ   

υ φ υ,    υφ α,  α α π α α   

π φ α ,  α π   α   π  (164). 

  α αφ  π π  α   α υ απ α  (reserve) π υ 

α    α  α α υ  υ φυ  πα  υ 

φ υ (π. .  Alzheimer).   υ απ α  α   α 

  Γ  α  φα  α  α   α   απ α υ 

α υ,  π α  πα α  υ .  απ α   α :  

 απ α α   φα  απ α.   υ  απ α  

α   α  α  απ   α   π  α   α  

 υ α υ  α  υ  π υ  (π. . πα υ , α α  

π ,  , π    α  .α.) (165). 

 φα  απ α α αφ α    υ φ υ α  α α 

 α   υ . υ  αυ  α  απ     

(   υ maximal lifetime brain growth, MLBG),   υ 

α υ,  α   υ  .α.   MRI  (π. . 

SIENAX)    α     πα α  (scaling 

factor) (166)  π  α π υπ  φα   (π. .  Montreal 

Neurological Institute   MNI) (165).    αυ  φα  

απ α π α  απ   Γ  (167).  α   πα α  4.5 

     υ  φα  απ α,  α    απ α 

(  π υ ) υ α  π α υ     φα  

α φ α  α    π  (168).  
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3  υ φυ    Γ  υ   

υ  α  α  

 

3.1  α 300 

 

 υ φυ    α   υ  π α  

υ  α π  υ α  (event related potentials-ERPs). α υ α  αυ  

α α φ α     φα   απ  α α αφ  α  

α  φα αφ α   απ  α  π α α,  

  π α  α   α υ  υ υ (averaging).  υ α α  

α    α α αφ  ( α  offline) α  υ α α      

α α αφ  α   (trial).  απ α α   πα α  α υ α φ  

π υ α   απ α υ υ υ  α α αφ  α  .   

α υ  υ υ π υ α α    π α  πα α  α   α  

υ φυ  φα  π υ πα υ  υ α   υ α  α  

α  υ  π υ  π  α υ  α  α   α  α α αφ  

(online). α απ  αυ  α π  υ α  π υ  π    α 

    υ  α   P300 (P α positive α  300 ms α  

  π υ απα α  α α φα   α    -event). 

 α P300 απ  α   α π υ α α φ α  υ  απ  α 

 α (Fz, Cz, Pz) φ α   α 10-20 π   

  απ  π  α.  πα α  υ 300 α     

υπ α  υ α α  πα  (oddball paradigm), α   π   

α  υπ α   α πα α α α  " υ " α υ   π  

α (non-target)  π  πα α  α  υ   " π " 

α (target) α  α α  (α   αφ   π. .   

π  αυ ),  π  α α  α α   π. . πα α  α 

υ π  (169).  π π  π υ  φα α   " π " α 

α α φ α   υ α   α  π α α  υ " υ " 

α  (P100, 100, P200, N200).  " π " α,  α  

 α  π φ α  α α  απ   φ  υ P300 α  

( α 3). α  αφ    απ  P300 φα α  π  α   

π π  π υ    υ   πα  απ υ  
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α  (169). υ  α     α P300 α α α    

 απ  υ φ υ α     απ   

π . 

 

α 3 α υ α  π υ α α φ α   υπ α υ α α  πα  α 

υ α  P100 (P1), N100 (N1), P200 (P2), N200(N2) α π π υ   

α  π α α υ « υ » α  υ « π υ» α .  α P300 

(P3) α π π    υ α  π α υ  α π φ α 

απ   « π » α. (απ   π  Wikipedia)  

 

 α, π  α   α π  υ α ,     

:   (amplitude, V) α    α  φ  υ  

α υ  (latency, msec).   α      α  

α αφ   α α αφ   απ   α υ  υ υ, π  α  απ   

α,    υφ  υ α ,     peak-to-peak (N2P3), 

  α υ     απ   α     υ 

α   α α 250-500ms  απ   α (170).  

  α α  υ  απ   υ α φ  υ " π υ" 

α  α  απ    α   ( αφ  αυ  

 π α  α  >6sec) (169). Ό   α   υ α φ  α   

α   α  α    υ α , υπ α  

α  π  π   α  π υ   α α   " π " α 

(170,171).  α  α α  υ " π υ" α  α  
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 απ   φα  π  π υ α  υπ υ  α  

" "   α α α  π υ υ α  α   α . Ά  

πα α  π υ αυ    α  α α α   αφ  α  

υ   υ  α  α α   αφ  (169,171).  α,  

π π  π υ  φ   π  α α  αυ α  (π. .   

  α   " πα " ),   α , υπ α  

   α  α  α  υ απ α   π  π υ α  α  

α   α  π α   (169,170). 

α,  α υ  α α α  π   α α 

π α α   π φ α  α   φυ  α αυ  α α  

α α   α α φ    (171). π  α α α 

π α  α π    υ  α  π   ( . υ   

αφ ) πα υ  α υ  υ  φ  υ α  (169–171). 

 α   α  α α α  π  α  α    α α  

υ α υ  " π ' α πα α  π. . α υ π . α  α ,   

α υ  υ α  P300  π   π α  απ    

α α  υ α υ  π  α,  π υ π  α   

  φ  υ P300 α  (169,171).  φα  αυ  α   

α υ  P300  α  α   υ α  α  α   

  υ α     π α  

α απ   αυ . 

 α     α   α υ  υ P300 υ  π  

υ    α,  φ ,  φα  φα  π α α,  

α  α ,  π , φ α α,  π α (172),  IQ, υ υ  

 π υ  ( .   υ α  P300 α α  α  60-69% απ  

 α) (173) α α α   π π α υ α υ (169,170). 

Ό  αφ   α,   α   α υ  υ P300 φα α   

α  α  α  α α , α , απ     α  π π υ 

 α  30-35, α α α υ υ   α φ  α  , α  

   (174) ( α 4).  
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α 4  α υ  α    υ α  P300     

α (απ  Dinteren R et al. P300 development across the lifespan: A systematic 

review and meta-analysis. Plos One, 2014)  

 

α  α  α    α P300 α   π :  P3b α   P3a. 

 P3b πα α    π  π υ π φ  πα απ . α,  P3a 

πα α  π    υπ α  υ α α  πα ,   αφ   

α υ  α  π  α  α πα  π υ  αφ  

αφ    αυ  υ " π υ" α  υ " υ " α  (π. . 

  α α υ  υ  " " υ α  υπ α ,  α  

υ α α     α  υ α  υπ α ) (169).  

α P3a πα α  υ  π , α α   α P3b π υ 

πα α  υ  π α  ( α 5). Ό  α  α   αφ  

υ α  πα  απ  α " π α"/" υ " α α  α  

α    υ P3a α   π  π  α α φ α   π  π  (170). 
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 α P3a φα α   α π π   α  α    

π  α  υ   υ α  π α υ (P3b). 

 

α 5  α P3a  α P3a πα α  υ  π  (Fz, Cz)  

απ  α πα ,   α P3b πα α  υ  α  (Pz)  

απ  α . (απ  Linden D. The P300: Where in the brain is it produced and 

what does it tell us? Neuroscientist, 2005.)  

 

  α α α  πα α  υ α  P300 υ α   π α   

α υ   υ : π - υ  ( π    

α   α), α  π α α υ α α  α  (  

" πα υ" α απ     " υ " ),  α α  

( υ    υ " υ " α  α   υ   

αυ  υ " π υ") α   υ α (απ φα  α αφ  α  α 

απ   π ).   α π α αφ α,   υ P300 

α α α  π   " π α  ",  α υ   P300  

" π α  α α" α    α α   "  α α" υ 

φ υ,  α α     α α  α   . Ό  
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αφ   α P3a   υ  α α α  π   α α   

  π α α   υ α .   υ  6    

α  DSM V,  P300 α π π  υ    π  α   

 υ α π υ υπ α  π α  απ   π α  φ  

α  υ υ  απ   υπ φ  υ  υ   π  π υ 

α   α α.  α   α   α α υ υ α υ 

υπ α  α α φ α  α α π υ  απ  φα α  α υ  α  

υ  α α  φα, π υ υ  υ   α α  α  π  

α   (170). 

 π π α α α υ  π α  " " υ υ α  P300 

π    α ,   α α αφ ,  απ   α   

υ  α  αφ α (fMRI) υ  π α α π  (169,171). 

υ ,  απ  P300 υπ α  απ  υ  π     

φα  α   α  π  α   φα  . α α αυ , 

υπ υ  φα  π  π υ απ  α  υ   υ  

υ  υ P300:  αφ α  π  ( α  υ   υπ α α),  

 α  ,   π π α  φ  α   α υ π α υ. 

  α   π  π  π  υπ   π   

 υ π φ  α    απ ,   π  π   π  

π   α.  

 υ  υ α ,   α α   π  α  α  

υ α   π  α    υ α , υ υ  

απ   υ  π  υ πα  (  απ φ ,  

απα , α    π ) α  υ α  υ α  

( πα π , α   α π ) (175). α , υ  α  

  Alzheimer π υ   α  υπ  ,  απ  

P300 α  πα  (176). 

 υ π  πα υ α  υ α  P300 φα α   α 6. 
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ό έθισ α vlPFC

ACC

TPJ

IPL

ΧΑ Α Η Α

Ο Α Ο Α  
ΧΟ Ο 

Η Α

Ο Α Ο 
Η Α 

(LCNE system)

Η Α Α 
Ο Α Α Η

Ω  
Ο

Η Η 
Α Α

Ο ΟΧΗ 
Α Η 

Ο 
Α

 

ά ιο έθισ α
vlPFC

ACC

TPJ

IPL

ΧΑ Α Η Α

P300P300

Ο Α Ο Α  
ΧΟ Ο 

Η Α

Ο Α Ο 
Η Α 

(LCNE system)

Η Α Α 
Ο Α Α Η

Ω  
Ο

Η Η 
Α Α

Ο ΟΧΗ 
Α Η 

Ο 
Α

Ο ΟΧΗ 
Α Η 

Ο  ΟΧΟ

Η 
Η Η 

Α Α Η Η

Ύ ος ( V) Χ ο ο αθ σ έ ηση (ms) Χ ό ος Α ί ασης (ms)

ασ ι ή ισ ύς 
σ σ ή α ος

ασ ι ή α ύ η α 
σ σ ή α ος

ι η ι ή σ ι ή 
α ύ η α  

έθισ α α βο ής vlPFC

ACC

TPJ

IPL

ΧΑ Α Η Α

P3b
P3a

Ο Α Ο Α  
ΧΟ Ο 

Η Α

Ο Α Ο 
Η Α 

(LCNE system)

Η Α Α 
Ο Α Α Η

Ω  
Ο

Η Η 
Α Α

Ο ΟΧΗ 
Α Η 

Ο 
Α

Ο ΟΧΗ 
Α Η 

Ο  ΟΧΟ

Α Α Ο Η

 

α 6  πα α  υ α  P300 
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3.2  α 300   

 

  α  υπ υ  υ      υ P300 α  α  

 α υ  υ α   π π  Γ  (169–171,176). Ό  αφ   

 α   υ  υ    υ α  P300 α   

 υ υ α  π υ πα α α   .  α α 3 α  α 

 38  απ   1989   2017 π υ υ  υ   Medline. 

π  αυ  14 α     α  , 19   α υ  α  

αυ  α  8    α α  α  αυ   α     

  υ  υ . π , 16 απ   38 υ  α    α  αυ  

α     υ υ α  α  αυ . Ά  υ  

π υ α    α P300 α   πα α :   φ    (4 

 υ  α  πα α   α υ    α  υ 

φ υ  ),  α  ( α    υ υ ),  

α απ α (3  α  υ  πα α   α υ ),  α 

 υ (4 ),  α (3 ), α   φα α υ  α  (  

υ   α υ   IFNb-1b, αφ  α  υ π ,  

3  ). 

α  π α   αυ    α    α  π  φ   

φ α    π     υ  υ , πα   α  

αφ  υ   α P300,  π υ α   υ α   π   

  υ υ α  (177). α   υ  π  

π   πα α  υ α  P300 (  υ ) α    

π    υ α   α  (178).  α  α  

α α    α    υ υ α  α   υ α  υ 

υπ α   υ α α  πα    απ α α  υ  

α P300  π  φα  π ,  π υ α    

α π  π υ   π  π α  π    

π  (177,179).   φ   α   π υ  α   

 π    απ α  α  υ υ  α     

α υ  υ α  P3a  π  π α  π  (180). α 

 π α , α    πα   / α  α υ  υ P300 

α α  α    α    π  (181,182), α  α  

 α ,    (183). π   α α   α P300 α  
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α  απ   πα υ α   π  υ α  (184). Ό  αφ   π  

 , υ   α πα α :  α   α   υ  α  

α υ  P300 απ    α   υπ π υ α   υ  

(185,186),  α α  υ P300 φα α   απ     

 (187),  α   π υ   υ    P300 / α  

α   α υ     αυ   υπ π υ α (188–190). 
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α α  3  υ α  P300   

αφ  
αφ  

α α  α α  
α   

 α  α  π α α π υ 
αφ   P300 

(177) 25   
18    

14 Γυ α ,  
 α: 44.12  
 α υ: 9.05  
 EDSS: 2.79  

 

Γ  
φυ  

   π  n-back υπ α  

 α  α  α υ  υ  
α α  α  α  P300 α α 
απ   υ α υ υ. 

 υ  π  υ  α  
α   α  P300   Cz α  
  Pz. 

(191) 59 , ,   
26  

 α: 37.82  
 α υ: 6.76  
 EDSS: 3.77 

 

Γ  
φυ  

   υ  P300 
π  (MRI) 

 α  α  α  P300 
α υ  απ  υ . 

 α υ  P300  υ   
    1 α    π . 

(181) 50 , ,   
50  

35 Γυ α ,  
 α: 33.6  
 α υ: 6.0  
 EDSS: 4.6  

 

Γ  
φυ  

   υ  P300 α     
   π  
 

 α  α  α  P300 
α υ  απ  υ . 

 α  α  α   α  
φυ  π α  π  απ  

  υ ,    α  υ  
υ. 

Θ  υ    π α  
π    φυ  

π α  π  
(187) 44  

45  
27 Γυ α ,  

 α: 31.4  
 α υ: 7.3  
 EDSS: 1.4  

Γ  
φυ  

   υ  P300  
 

 α  α  α  P300 
α υ  α  α  υ P300 

α Cz, Pz α απ    υ . 
 

(182) 86 , ,   
40  

62 Γυ α ,  
 α: 39.55  
 α υ: 8.57  
 EDSS: 3.03  

 

Γ  
φυ  

   υ  P300  
 

 α  α  α  α υ  
P300 απ    υ . 

 αφ  α  α   υ  α   
 π . 

Θ  υ  α  P300 
α υ  α   π . 

 υ  Pz P300 υ  α   
π . 
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(192) 72   
89  

51 Γυ α ,  
 α: 37.9  
 α υ: 9.3  
 EDSS: 2.7  

Γ  
φυ  

   υ  α  π  P300  
 

Θ  υ    π    
 Cz, Pz  P300 α     

α α . 

(193) 72   
89  

51 Γυ α ,  
 α: 37.9  
 α υ: 9.3  
 EDSS: 2.7  

 

Γ  
φυ  

   υ  α  π  P300  
 

 α  α  α   υ π α υ 
P300    υ  α . 
Θ  υ  υ  Pz P300 α   
π  α  α  υ     

α α  α   α υ  υ P300 
 α α α υ  P300. 

(194) 26   
26  

16 Γυ α ,  
 α: 34.42  
 α υ: 7.15  
 EDSS: 2.4  

Γ  
φυ  

   π  P300 

 α  α    P300   
 υ  υ . 

 υ   π    
α α . 

(195) 14   
14  

12 Γυ α ,  
 α: 44.5  

 α υ: 9  

φυ  
   υ  P300  
 

 α  α  υ υ  
P300    υ  α . 

(186) 27 ,   
18  

18 Γυ α ,  
 α: π π υ 40  
 α: υ 1-18  

φυ  
   π  P300  
 

 α  α  υ  αυ   α   
α  α υ  υ  α α  α  
α  α υ  απ    υ . 

(178) 27   
17  

15 Γυ α ,  
 α: 43.64  
 α υ: 11.05  

 EDSS: 2.5  

Γ  
φυ  

   π  α  α υ  P300 

 α  α α  υ PASAT α υ  
απ  α  α α    υ P300 

(190) 20 ,   
10  

6 Γυ α ,  
 α: π π υ 53  
 α υ: π π υ 13 

 
 EDSS: 5.8  

Γ  
φυ  

   π  α  α υ  P300 

Θ  υ  υ  P300  P SAT. 
 α  ( α  υ   ) α  

  P300    υ  υ . 

(196) 25   
25  

19 Γυ α ,  
 α: 34.88  
 α υ: 4.4  
 EDSS: 0-3  

φυ  
   υ  P300 

α α 

(197) 40 ,   
34  

20 Γυ α ,  
 α: π π υ 44  

Γ  
φυ  

 α  α  α  α  α  
α υ   P300 (  α π )  
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 α υ: π π υ 16 
 

 EDSS: π π υ 4 

   π  α  α υ  P300   
   (P3a) 

  υ  υ . υ    
π . 

(198) 33 ,   
21  

17 Γυ α ,  
 α: π π υ 44  
 α υ: π π υ 16 

 
EDSS: π π υ 4 

Γ  
φυ  

   π  α  α υ  P300 

 α  α  α  α  α  
α υ   P300 (  α π )  

  υ  υ . υ  
α υ  P300   π . 

(199) 21   
21  

17 Γυ α ,  
 α: 31.09  
 α υ: 4.09  
 EDSS: 2.8  

Γ  
φυ  

   A υ  P300 

 α  α  α  α υ  
 P300    υ  υ . 

(183) 20   
21  

16 Γυ α ,  
 α: 27.35  
 α υ: 4.92  

Γ  
φυ  

   π  P300  

 υ  υ  P300  α   
υ π   α . 

(200) 11    
11  

7 Γυ α ,  
 α: 37  

EDSS: <3 

Γ  
φυ  

   υ  P300  

 α  α  α  α υ  
 P300    υ  υ . 

(201) 16   
 

11 Γυ α ,  
 α: 37.6  
 α υ: 6.2  
 EDSS: 2.9  

Γ  
φυ  

   υ  P300  
 

 απ α  IFNb-1b   απ α  
 υ υ  α   α υ  1 

   α  . 
 

(202) 33  , ,   
 

20 Γυ α ,  
 α: 43  
 α υ: 14.7  

 EDSS: 5  
 

Γ  
φυ  

   υ  α  π  P300  
 

  α   α υ  υ P300 α  
α  υα α α  α α α π υ  

   π   α   α   
modafinil.  α  π υ α  α  

 α υ  α  α   
P300 απ  αυ  π υ  α απ α . 
Ό  α υ  P300 α π  
α απ   350ms. 

(185) 27 ,   
18  

18 Γυ α ,  
 α: π π υ 40  
 α: υ 1-18  

 

φυ  
   π  P300  
 

 α  α  α υ  υ  
α α  α  α  α υ  απ  

  υ .  α     α  
  α α  α  

α υ  P300    υ  



39 
 

α   . 
(179) 46  , ,   

46  
29 Γυ α ,  

 α: 43.7  
 α υ: 10.1  

EDSS: 2-8.5  

Γ  
φυ  

   υ  P300  
 

 α  α   α υ  
  π  υ P3a    υ  

υ . 

(184) 12    
15  
 

10 Γυ α ,  
 α: 43.7  

EDSS: ≤4 
 

Γ  
φυ  

   π  α  α υ  P300  
π  (MRI) 

 α  α  α  α  α  
α υ   P300    υ  

υ ,  α π  P300 α φα υ  
α  α α α  απ   α α υ . 

 π   πα α  υ P300 α  
 α  α α    π  α  
 φ   . 

(188) 179 , ,   97 Γυ α ,  
 α: 38.3  
 α υ: 7.8  
 EDSS: 3.7  

 

φυ  
   π  P300  
 

  P300       . 
 α υ  P300 α    

α α  α  α α      
 . α  α υ  P300  
     . 

Θ  υ   α , υ EDSS α   
α   υ   α υ  

P300. 
(203) 34 ,   

15  
97 Γυ α ,  

 α: π π υ 38  
 α υ: π π υ 5 

 
EDSS: 2-6  

Γ  
φυ  

   π  α  α υ  P300 
π  (MRI) 

 

 α  α  α   α α   
  υ  υ . 

(204) 8  ,   
10  
 

3 Γυ α ,  
 α: 42.5  

 

Γ  
φυ  

   υ  P300  

 α  α  α  α  α  
α υ   P300    υ  

υ  α  υ  υ     π . 
(205) 14   

14  
- φυ  

υ  P300  
α α 

(206) 44 ,   
 
 

97 Γυ α ,  
 α: π π υ 33  
 α υ: π π υ 5.2 

 
 EDSS: π π υ 4.4  

φυ  
   υ  P300  
 

  α υ  P300 2  
 απ  φ α υ -π  

(1000mg/ α α 5 ) 
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(207) 30   
30  
 

25 Γυ α ,  
 α: 45.1  
 α υ: 11.8  

φυ  
   υ  P300  
 

α α 

(189) 101 , π υ  
 

71  
 

72 Γυ α ,  
 α: 39.9  

 

Γ  
φυ  

   υ  P300  
 

 α  α  α  α υ  
 P300    υ  υ . 

Θ  υ  α υ  P300   
α,  α  υ α   α απ α, 

α     π ,  α  
α   π υ  φ   υ. 

(180) 10   
10  
 
 

8 Γυ α ,  
 α: π π υ 39.3  

EDSS: 4-7  
 

φυ  
   υ  P300  
 

 α  α  α   α α   
  υ  υ  α   αφ  α  

α   α α  π .  α  
α    P300    υ  υ .  

(208) 30   
19  
 

15 Γυ α ,  
 α: 48.4  
 α υ: 17.1  
 EDSS: π π υ 3.9  

 

Γ  
φυ  

   π  α  α υ  P300  
 

 α  α  α   α α  
απ    υ . 
 

(209) 30  , π υ  
 

19  
 

15 Γυ α ,  
 α: 48.4  
 α υ: 17.1  
 EDSS: π π υ 3.9  

 

Γ  
φυ  

   π  α  α υ  P300  
 

 α  α  α  α υ  
 P300    υ  υ . 

 

(210) 12  
7  
 

9 Γυ α ,  
 α: 34  
 α υ: 8  
 EDSS: π π υ 3.7  

 

Γ  
φυ  

   υ  P300  
 

 α   α α  α  
α υ   P300    υ  

υ   α   α. Ό   α  
α  α   α α     
υ  υ .  

(211) 16  
16  
 

14 Γυ α ,  
α: 20-45  
 α υ: 5.4  

 

φυ  
   υ  P300  
 

 α  α  α  α υ  
α     P300    υ  

υ . 
 

(212) 31  
32  
 

20 Γυ α ,  
 α: 40  
 α υ: 10.2  

Γ  
φυ  

   υ  P300 

 α  α  α  α υ  
α     P300    υ  

υ . 
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 EDSS: π π υ 4.92  
 

π  (MRI)  
 

 α   α υ  α    
υ υ  P300 υ α    α  

α α  α υ,  π  
απ υ   α   α  

 υ υ α.  
(213) 47   

24  
15 Γυ α ,  

 α: 35.7  
 α υ: 6.9  
 EDSS: 2.8  

φυ  
   υ  P300  
 

 α  α  α  α υ  
α    P300    υ  υ . 

 

(214) 24  
19  

 α: 37.5  
 
 
 

Γ  
φυ  

   π  α  α υ  P300  
π  (MRI) 

 

 α  α  α   α α , 
α υ  α    P300  

  υ  υ . 
   φυ  P300 α  

α  α υ, α  α απ α, 
  π  α  α  

φ      α   
φυ  P300. 

 

: υ πα  α, : α , :   , : πα  α, : υ  α  α , : π π υ α. 

EDSS: Expanded Disability Status Scale, PASAT: Paced Auditory Serial Addition Test 
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4  υ α  

 

α   α  α α  πα α   α    υ 

υ  απ    MRI (  αυ α π  α  

α   αυ α π )  π   φυ  

 υ α  300. 

π π   α    υ υ  απ    

MRI (  αυ α π  α  α   αυ α π )  

π   υ υ   α   υ α,  α  

φα      α   α  απ  

. π  α α - πα υ    υ α  300   

υ α  α   . 

υ   α  π   α   α  α α  υ 

υ υ  α  υ φυ  υ   α   Γ ,  

α α  α  υ   πα α     υ  

απ   α    υ υ υ φα  απ α  

 Γ . 

 

5 α 

 

5.1 α α α   

 

  α  υ  (cross-sectional) α  π α α π   

υ   υ υ  ( υ  υ α  

α υ α )  υ α α   υ   υ υ 

υ  π  π  2013  π  2017.  α  

α  απ α  απ  61 α    α   

υπ π υ α    φ α  α α McDonald (28). α 

α υ   α  α α υ α: α   , α ≥18 

,    α ,  α απ α  EDSS ≤6.0 (35) α  α 
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α  α πα υ   υ α  υ   υ α. α α 

απ  π α α  α α υ α: υ πα     υ  

υ (π. . α α ),     υ α  υ π υ 

φα  π   α    (π. . υ α α  α α α , α α α  

π π α  α  υ π φ ), α  α α α  α  α , 

 υ α  α υ ,  απ   α    υ , 

υπ π   υ  υ α  α α π   α ,  

  υ α  α π   α  α   υ π  υ  

(π. . α α α π , α π , α υ , υ  π. . 

αφ ).    απ  α π  υ α  α  

α  υ υ υ α  υ , αφ   φ  

  α υ  υ .  α  π υ υ      

 απ  υ α  υ α υ   υ α. 

π  υ  61 α   ,  α    υ υ  α  

υ  , 58 υπ α  π υ   φυ   (  3 

 α α αφ  α  α  π α  α  απ α ) α  48 φ α  απ  

MRI    π υ π φ α  πα α . Γ α υ  π   

 α  α 51  (matched)  π   α α   

φ  υ   π υ υπ    α  α   υ  

α ,  απ   απ   MRI α  α   υ . 

π , π  α 156 υ    α  π υ α  

α     υ υ  α    π υ α 

α α   α     Γ  (  υ   207 α). 

 

5.2  

 

Κ ω αφ  : α, φ , πα α  α α , π π  

πα υ , α  α α. 

 χ     α   α  : α υ, EDSS  

  α ,  π  υ α , α  υπ π  απ   

α   υ, υ α α π π  α  α  φ α α 

υ π α  α . 

υ υ  : 
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Symbol Digit Modalities Test (SDMT): To  αυ  π α  υ  α  

α   π  α   α α  π α α   π φ  απ   

α     α α  Brief International Cognitive Assessment for 

Multiple Sclerosis (BICAMS) π υ π α    (85,86).   

π α  α α π υ α   α α .  α  

α α  α α  υ  α  π υ α    .  

α α υπ α  απ  απ   α    απα  α  90 

υ π α.   α  5 π  α    ,   α   

 υ. υ   υπ α  α  α   υ α . 

California Verbal Learning Test -II (CVLT-II):    π α  α  

α        α α  Brief BICAMS π υ 

π α    (85,86). π α  απ  α α 16 ,   

      α α.  α  α   

α  α     α απ  απ   π  π π υ α 

υ π .   α  α α  α υ   π  

 π .  α α α πα α α α  π  φ .  α α π π  

απ    υ α        α  (   

80). υ   υπ α  α  α   υ α . 

Brief Visuospatial Memory Test-Revised (BVMT-R): To  αυ    

π   α      α α  Brief BICAMS π υ 

π α    (85,86).  α   αφ α α  

 α   (2 3) α 10 υ π α α   π πα  α α α  

 α  α    α α .  α π υ α   α    

 πα   π υ .  α     α      υ 

 α   απ α  α  π .    α α    

π υ .  α α α πα α α α   φ  (  α α 12 α  

α α, 36   α   π π ). υ   υπ α  

α  α   υ α . 

υ  : 

Depression Anxiety Stress Scale-21 (DASS-21):  α α DASS-21 α  α 

α   π    υπ α : α ,  α   (215). 

  υπ α α υ π α α  π    π  α α   

 α απα   α  4 α  α α  π υ Likert (απ  0=  υ  

α υ α α,  3= υ  α α π α π    π  φ ) α  
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α αφ α   α  π  α .    

π απ α α  π  2, π   π α  απ    φ   

DASS-42,   α π   π α, α, α  α  π  α  

α α  απ    υπ α α. Ό  αυ     α α 

π π α α , υ  α     .   α π α  

Cronbach's alpha α  α   α  π  α π  ( : 0.84, 

: 0.794 α  α : 0.836) 

  πω : π α   π  α α  α  

( α , π υ α , υ )   π , π υ   

  α   π  υ  α  π   α α   10cm. 

  α    α α α (  0mm,  100mm). 

α   (visual analogue scales) υ  π  α    

 (216–218). 

Η φυ   (απ  P300): Γ α  πα α  υ P300 

π  υ α  π α  π  α α φ α   

υπ α  υ α α  πα .  " υ " α  " π " α α   α  

α α   αφ   α υ α  ( . α - π  α  

α -  α α 8×8,  α  16×24mm  α α, α ).  

α  α  α  100ms,   α α   

 2000ms,  α α α υ " π υ"/" υ " 50/250 (1:5) α   

πα α  υ " π υ" α   υ α α.  α  α α  70cm 

απ     α απαυ  α α α  υ    α πα   υ π  

 α joystick α  π     " π " α.  α  α   

 9:00-13:00.  α α αφ  α   α α υ α α   

α α  <5 hm, π α   π α. π α  α 

πα α  α: Fz, Cz, Pz, A1, A2 α  α  (Fpz),   π  

   υ υ α  10-20.  φ π    υ α 285Hz α  

υ  1:20,000. α φ α α    0.01-35Hz,  α  

απ  α α αφ  α " π α" α α  πα α π   

 ±50 V. π  π   α   απ  πα α  υ υ π  

α υ   π  απ  700ms απ   φ  υ " π υ" α . α  

 α  α α αφ   α αφ  π    1 

(α  α ),  α  π α α υ   1/ 2. υ   

α  α απ    α    α υ  υ υ α 
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υ  36 υ  α α αφ .  α υ  υ υ υ  α  

α α αφ  απ  150ms π  α  1000ms  απ   " π " π  α.  

α α  υ P300    π υ : α.  π   α  α 

280-420ms   π  α α  .  α α   π α  N100, P200, 

N200 π   φ  υ α .  απ  υ α    α  

φ  12HZ.   υ 300 α  ( V)      αφ  

200- 300 (peak to peak).   φ   α υ  (ms) 

 απ     φ  υ " π υ" α .  

π π  υφ υ  π υ υφ υ  α  α   υ υ  

π   α    υφ ,  α   φ  

( α υ ) α  α  π υ   υφ .  υ  υ  

α  υ    π  υ α  α   πα   α 

π  α. π  α α φ α    α α   joystick. Γ α  

α υ  π α     υ υ  α   α υ  

P300 α    α α  α  α    α , α  α  α 

α α α α   α , α  υ α.  υ  

α  α  α 58 απ  υ  61 α  α  α 51 υ .  πα α  υ P300 

   α φα φ υ  α α  Micromed® α  υ 

  BQ-Evoke®. 

π  α  (Magnetic Resonance Imaging, MRI): π  

α  υ  MRI  υ α  6  α  π π  

α  α  1 α  υ α α  υπ π  α α  α υ  

π   . Ό   MRI π α α π α   α α α  3.0 

Tesla  π απ  α  α     πα α  α υ : T1-

weighted 3D high resolution magnetization-prepared rapid acquisition with gradient 

echo (3D MP-RAGE) α υ α, α T2-weighted fluid attenuated inversion 

recovery (FLAIR) α υ α α  α proton density-weighted images (PD-WI) 

α υ α.  α υ  FLAIR,   α α α  α  

π π α  (  mm3)  -αυ α π      υ 

π α  Medical Images Processing Analysis and Visualization (MIPAV) 

software φ α   π  υ NIH   

(https://mipav.cit.nih.gov/).   α υ       3D 

MP-RAGE images π α   π α α FMRI Software Library (FSL) 

(219).   υ φα  , α      υ 
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α υ    α  υ Structural Image Evaluation using 

Normalization of Atrophy Cross-sectional (SIENAX) (220).   αυ  α  

φ    MRI   MNI152 (or Talairach) space (221).  υ α 

 α  α  υπ  (  ml) υ υ π  π : 

υ  φ υ (normalized brain tissue, NBV),  υ  φα  υ α  

(grey matter volume, GMV),  π φ  φα  υ α  (peripheral grey matter 

volume, PGMV) α   υ  υ α  (white matter volume, WMV) (222). Γ α  

υπ  υ υ π  υπ φ   υ φ υ 

π    FMRIB's FIRST software (223). α   (  

ml) α  φ  πυ α,  υφ    φα α ,   φα α , 

υ α υ, υ π  πυ α,  α υ α  α  υ ππ π υ   

φα  υπ    π απ α α    π υ α    

πα α  (scaling factor, SF) π υ    SIENAX. o 

φα  απ α α     απ υ   υ πα α 

 SF π υ απ    υ υ υ ( . υ  SF 

υπ     α  φα  απ α) (165,166).  

φα  απ α α αφ α    υ φ υ α  α α  

α   υ .    αυ  φα  απ α    

π α  απ    υ υ α (167). 

α  απ   α  α  MRI  π α  

π :     3  α  (third ventricle volume-TVV) α   π   

(third ventricle width-TVW),    φ  πυ  (bicaudate ratio-

BCR),   υ υ (corpus callosum index-CCI),  π   

π α   (frontal horn width-FHW) α   α  υ 

α υ (transverse skull diameter-TSD) (224–227).  TVW (  mm3) υπ  

απ   π απ α α   α   1-α υ α:  π α -

π  , α   α α     α π -   

α υ, π   α     - φα  α  (TVW). 

α   υπ α   α   π   TSD (NTVV=TVV÷TSD, 

NTVW=TVW÷TSD).    φ  πυ  υπ  απ    

  απ α      φ  πυ   π   

 υ φ υ  α α .    υ υ υπ  

απ    υ α α   π α , π α  α   α υ υ 

υ  π    π π π α  υ υ.  
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π   π α   υπ  απ    απ α   

π     α     υ TSD 

(NFHW=FHW÷TSD).  α 7 απ   π   πα απ  . 

υ  υ   α  α  α 48 α   . 

 

 

TVV (3rd ventricle volume) ( , ) 

TVW (3rd ventricle width) ( ) 

NTTV (normalized TVV) (A,B,E) 

TVV÷TSD 

NTVW (normalized TVW) (B,E) 

TVV÷TSD 

BCR (bicaudate ratio) (Γ) 

CCI (corpus callosum index) ( ) 

FHW (frontal horn width) ( ) 

NFHW (normalized FHW) ( ,E)  

 

α 7  α  (  α )   MRI 
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5.3 α  α υ  

 

α π αφ  α   υ α  π α α    , 

 ,  υπ  απ ,    ( - ),  απ υ  

α   α  α  α π  υ α  (%).  πα α  α α  

α    α υ πα α  Student's t-test  ANOVA (analysis of 

variance) α  π  α  α  Chi-square test α  α  (  

Yates   2 2 π α  α  Fisher exact test  πα α α   

π π ).  π π  πα α α   α α  ( π  αυ  

   α Q-Q plots α  υ Kolmogorov-Smirnov test)   

α  ( <30), α  α Student's t-test π    πα α  

Mann-Whitney U test α  .  υ  α  π  α  

   α υ υ  Pearson's rho. 

 α   Γ    α υ α υ BICAMS    

α  207 υ  α    υ . α    υ   Γ  

  απ υ α  α υ  απ  α α υ  υ BICAMS   

α α α α  5% α   υ  α  (72). α   π  

 (  1) α α 5% α  α  υπ α  απ υ α  

απ   α  υ  α .    (  2) 

π α α π  α υπ α α  πα   α  

α    υ α υ α  α   α (≤32, 33-41, 

≥42 ),  φ  ( α, υ α α) α   π π  πα υ  ( υ α, 

α). α φυ   α α  υ υα   α  

(π. . , 33-41 , α  πα υ ) υπ α      

π π    υ α υ απ       

: Predicted Mean-1.65*SD (residual), π υ Predicted Mean   

π π  απ     α  π υ SD (residual)  υπ  απ   

υπ  υ α  υ. π    υ  π    

 α  α  α α. 

 α α   α   φυ  α  Γ  ( ΦΓ ) 

    υ  (1 α  2)   αφ     α  

πα ,  υ  α   υ  ( =51),    

 π   πα υ  π υ  α αφ  α  α  α  υ  

α  π υ υπ α   φυ  .  π    
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φυ  υ    αφ   υ  α   

α . 

 υπ  υ υ     υ      

  α     α  SDMT, CVLT-II α  BVMT-

R. α   υπ α  απ   υ  α α  α  υ  ( =268)  

   = (  -  Ό  α )/ υπ  π  

α .   υπ υ  α υ υ υ ,   

α   υπ υ  α   υ α. 

   α  α α     

( υ υ  α  φυ ) α    φυ  

α  α   α        α υ  receiver operating 

characteristic curve (ROC curve)    υπ    π   απ   

α π  (Area Under the Curve, AUC) α    0.5. α α    

υα α α  α υπ α      απ α   φ α 

  π : = (1- α- υα α)/20.5. 

    υ υ υ  υ α   

φυ  πα α  α α      Γ     

α υ  ANCOVA (Analysis of Covariance)    π   

πα α α π α  α* πα υ  (  α  α  α  

α, πα υ  α  α* πα υ )   πα υ  π   

 α  (0= υ α, 1= α).  ANCOVA α  α  

α α   α α, π  φα  α   π π  π υ α 

α   α  α απ  30. π   Sidak post-hoc test 

α  π π  π υ υπ α  π  απ  2 . 

   απ  π  πα α   

υ υ  α  φυ    α    α 

υ πα α   Pearson's rho (  α    α α) α   

υ α   α  α α  α  α  πα  

 α  α  υ   απ  αυ   .  α  

α  πα   π   α   α α   πα υ . 

    α  υ απ   ( α   φ ) α  

υπ α   υ  α  υ φ  υ  .   α 

πα υ α    α  α  απ   α  

υ α . α α π υ α πα υ α  α α   R2 π υ α   π  



51 
 

α   α  α ,  α  R2    α   

α π  υ  beta (sbeta: standardized beta) π υ α    

υ φ   α  α   α . α α α  (π. . 

Cook's απ α , α π  Dfbeta) α  υ  (  υ -

α α     VIF α  α , α α,   Durbin-

Watson) π α  α  α   . 

  υ υ  π     α  α α α  

α πα  υ πα α π  .  απ α  α  

α α     (  π  υ απ )  3 

π α  : α α   υ υ  πα α ( υ υ  

α  α  α  απ    α ), π π  

 ( α  α    α π α  απ  

* υ υ  πα α)  α  υ - α α ( α α πα α  

 α  α  α ).  

  υ π π  υ υ φα  απ α     

α α   α  πα  α  α α   

 υ πα α α π α  υ πα α  (scaling factor, SF) 

π      SIENAX  υ  απ   π υ 

α  α  α  υ   υ α. 

 π π  α α  α   p=0.05. Ό   α α  α    

α υ π α  SPSS v22.0 α Windows (Chicago IL). 

 

6 π α α 

 

6.1 αφ  α υ α  

 

Όπ  φα α  απ   α α 4,  α  α  α  α  υ  α  

πα α α (    α 40  ,    απ  20  α  

67 ) α  φ  ( υ  υ α ). Όπ  φα α ,  α  υ  

απ α  απ  π α α α  πα υ  απ    α  

α  (p=0.036). Γ α  α   Γ  υ  α  π α  

π π  156 υ   α    α 36.2 ± 8.8 , υ   
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( =95, 60.9%), α  πα υ  ( =133, 85.3%) α  υ  α υ  

( =150, 96.2%) ( . α α  πα α ). 

 

α α  4 αφ  α  υ α  

 

  

( =61) 
  Φ 

( =51) 

α α 

 (p value) 

 α ( ) ±  
( ) 

41.8 ± 10.6 
(21-67) 

38.7 ± 9.2 
(20-57) 

0.111 

Γυ α ,  (%) 44 (72.1) 41 (80.4) 0.432 

α πα υ , 
 (%) 46 (75.4) 47 (92.2) 0.0362 

 

Φ: φυ   ( . P300 α), : υπ  απ  
1Student's t-test, 2Chi-square test (Yates ) 

 

6.2 αφ  α α    υ  α  

 

Όπ  φα α   α α 5,  α  α      α    

π π υ 10 , α  φα  α   7 π π υ υπ π     

 α  α  α    α  α απ α  (   EDSS = 2.2 

: 0-6.0). 

 

α α  5 αφ  χ α χ α    υ  α    

 

  Ό   υπ  
π  

 

α υ 
( ) 137.9 120 83.9 16-324 

 
υπ π  απ  

α  
7.2 4 8.3 1-44 

EDSS 2.2 1.5 1.9 0-6.0 
 

EDSS: Expanded Disability Status Scale 

 

 α α  6 φα     φα α υ  α   α .  

π φ α  α  α α  α π π  α     

α  (82%),  α  α π π υ  υ φα υ fingolimod 

(27.9%).   α   υ α α  α π π  α  α  
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54.3 ± 56.7  (  1-270 ). α  α  α  α  πα α  

φ α α  υ π α  α  (π. . πα φα , α α α π , 

α π  .α.). 

 

α α  6 Φα α υ     α  υ α  

 

     (%) 

  50 82 
π   

Fingolimod 
IFNb-1a, υπ  
IFNb-1a, υ  
IFNb-1b, υπ  
Glatiramer acetate 

Natalizumab 
Dimethyl fumarate 

Azathioprine 

 
17 
12 
5 
8 
4 
2 
1 
1 

 
27.9 
19.7 
8.2 
13.1 
6.6 
3.3 
1.6 
1.6 

υ π α  α  24 39.4 
 

: π π  α  

 

6.3  α α    α   Γ     α  BICAMS 

 

Όπ  φα α   α α 7,  α  α  α  α  α α 

           υ  υ . 

 

α α  7     α    α  υ  υ  

 

  ( =61) 
 

 ( =207) 
 

α α 

(p value)
1 

υ  α  
  

υ  
-0.45 ± 0.99 0.13 ± 0.68 <0.0001* 

SDMT 46.56 ± 15.27 52.95 ± 14.20 0.004* 
α  SDMT -0.34 ± 1.04 0.10 ± 0.97 0.002* 

CVLT-II 57.62 ± 12.81 63.10 ± 9.23 0.003* 
α  CVLT-II -0.41 ± 1.23 0.12 ± 0.89 0.003* 

BVMT-R 23.69 ± 8.41 28.94 ± 5.76 <0.0001* 
α  BVMT-R -0.60 ± 1.24 0.17 ± 0.85 <0.0001* 

 

  υ π α α α π π υ    ± υπ  απ .  

Γ : Γ  α α α , SDMT: Symbol Digit Modality Test, CVLT-II: California Verbal Learning 

Test, BVMT-R: Brief Visuospatial Memory Test-Revised 1Student's t test  *p≤0.05 
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 α α   α   Γ     υ  υπ   

α  5% α , π  αυ  π φ α   α  

α  α υ . Όπ  φα α  απ   α α 8,     α 

υ υ α  πα  π υ α   α,  φ  α   

πα υ  (  2) α α  π υ  α   Γ  απ    

 (  1)  απ υ α  υπ   5% α  απ   

α  υ  α  (N=207).      2 27 (44.3%) 

α  α α α   Γ   υ  α  α , α  25 (41%) 

 υ 1. Γ α  π  α α  π α   α   Γ  

  υ 2. 

 

α α  8 α    α   Γ    1 

 
  2 

 Γ   Γ  

 

 1 

 Γ  24 1 

 Γ  3 33 

 

Γ : Γ  α α α  
1Γ α  π αφ    1 α  2, . α α  α υ . 

 

Όπ  φα α   α α 9  α   Γ  α  α   υ  

υ    π υ α   α  BICAMS. π   α  

 α   πα     α  π   α,  φ  

α   πα υ  5% , π π    π  α  α   

πα    π   ( =19, 31.2%),    

 ( =15, 24.6%) α  α α   α α π α α   

π φ  ( =6, 9.8%). 

 

α α  9    υ   α   α   Γ  

 

  Γ  ( =27) 
 

 Γ  ( =34) 
 

α α 

(p value)
2 

υ  α  
  

υ  
-1.22 ± 0.85 0.16 ± 0.59 <0.0001* 

SDMT 38.11 ± 14.30 53.26 ± 12.60 <0.0001* 
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α  SDMT -0.92 ± 0.97 0.12 ± 0.86 <0.0001* 
α  SDMT1 

(α  α ) 6 0 0.005* 

CVLT-II 49 ± 12.47 64.47 ± 8.17 <0.0001* 
α  CVLT-II -1.24 ± 1.20 0.25 ± 0.79 <0.0001* 

α  CVLT-II1 

(α  α ) 15 0 <0.0001* 

BVMT-R 17.52 ± 7.66 28.59 ± 5.14 <0.0001* 
α  BVMT-R -1.50 ± 1.13 0.12 ± 0.76 <0.0001* 

α  BVMT-R1 

(α  α ) 19 0 <0.0001* 

 

  υ π α α α π π υ    ± υπ  απ .  

Γ : Γ  α α α , SDMT: Symbol Digit Modality Test, CVLT-II: California Verbal Learning 

Test, BVMT-R: Brief Visuospatial Memory Test-Revised 

 1   α   π   α,  φ  α   πα υ  α  5%   

α υ  α  ( =207) 
2Mann-Whitney U test α  π  α , Fisher exact test α  α  *p≤0.05 

 

6.4 α    α   φυ  α  Γ  

 

Όπ  φα α   α α 10  α  α  α  α P300 , 

αυ  P300 α υ  α   α α  απ    υ . 

α α  10  φυ   υ α  P300  α  α  

υ  

  ( =58) 
 

 ( =51) 
 

α α 

(p value)
 

P300  ( V) 6.75 ± 4.44 9.4 ± 3.11 0.001* 
P300 /  (ms) 345.31 ± 39.42 310.87 ± 16.6 <0.0001* 
Fz P300  ( V) 7.45 ± 4.49 9.95 ± 3.52 0.002* 

Fz P300 /  (ms) 347.08 ± 40.75 311.24 ± 16.36 <0.0001* 
Cz P300  ( V) 7.33 ± 4.79 9.91 ± 3.5 0.002* 

Cz P300 /  (ms) 345.19 ± 39.45 310.94 ± 16.66 <0.0001* 
Pz P300  ( V) 5.45 ± 4.57 8.33 ± 3.4 <0.0001* 

Pz P300 /  (ms) 343.67 ± 38.91 310.43 ± 17.15 <0.0001* 
 /  (ms) 395.24 ± 54.89 355.52 ± 28.65 <0.0001* 

 

  υ π α α α π π υ    ± υπ  απ . 
1Student's t-test, *p≤0.05 

 

 υ α υπ α  α 5% α ( α α α   α  α α α  

α υ )   α    υ  ( . α  

α υ  α  1) α  α α α   α   φυ   
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πα  φυ   (π. . πα   φυ  Fz 

, πα   φυ  Cz α υ  ).      

 2 π α  α  α  πα     

π   π π  πα υ .    α  φ α  α  απ  υ  

υ   υ  υ  φυ  ,  ΦΓ    α υ  

πα      / α    α υ .    

α α 11,   2 α φ  α α  π υ  α   ΦΓ  

(39 α  37  υ 1) α  α  αυ  π υ α π  α  

π α  α α . 

 

α α  11 α    α   φυ  α  Γ  

( Φ-Γ )   1
 

  2 

 Φ-Γ   Φ-Γ  

 

 1 

 Φ-Γ  37 0 

 Φ-Γ  2 19 

 

1Γ α  π αφ    1 α  2, . α α  α υ . 

 

 

Όπ  φα α   α α 12,     π α απ    υ P300 

 Pz, α  α  α  αφ  α   α   

ΦΓ     υ  α  . π  αφα α    

α υ  P300 α  π  υ  πα  α  υ P300 υ  (31 vs. 

18  53.4% vs. 31%). υ  10 (17.2%) α  α  πα   α  

α υ , 21 (36.2%) α  α   πα  α υ  

α   8 (13.8%)  πα  . 

 

α α  12 φυ    α   α   

φυ  α  Γ  ( ΦΓ ) 

 

  ΦΓ  ( =39) 
 

 ΦΓ   
( =19) 

 

α α 

(p value)
1,2 

P300  ( V) 6.11 ± 4.66 8.04 ± 3.72 0.031* 
P300 /  (ms) 359.71 ± 39.15 315.76 ± 17.71 <0.0001* 
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Fz P300  ( V) 6.74 ± 4.65 8.9 ± 3.85 0.016* 
Fz P300 /  (ms) 362.02 ± 40.37 316.41 ± 18.42 <0.0001* 

Cz P300  ( V) 6.51 ± 4.92 9.02 ± 4.13 0.019* 
Cz P300 /  (ms) 359.66 ± 39.08 315.48 ± 17.9 <0.0001* 

Pz P300  ( V) 5.08 ± 4.85 6.21 ± 3.93 0.205 
Pz P300 /  (ms) 357.45 ± 39.16 315.38 ± 17.31 <0.0001* 

 /  (ms) 407.38  ± 53.04 370.33 ± 51.25 <0.0001* 
α  P300  18 0 <0.0001* 

α  P300 
α υ  

31 0 <0.0001* 

 

  υ π α α α π π υ    ± υπ  απ . 
1Mann-Whitney U test, 2Fisher exact test, *p≤0.05 

 

6.5   υ φ  υ υ  α   α υ  υ 

α  300   υ  

   α α 13,  α   πα  α υ   φ α  

α   π   υ υ  . α  α   πα  

 α  α   α α   α  π   

α   υ   .  

 

α α  13   α   α υ  300     

υ υ   υ  α    

 SDMT CVLT-II BVMT-R 
υ  

Γ   

α  /  
300 (N=31) 

46.2 ± 15.8 57.5 ± 13.5 22.03 ± 8.6 -0.54 ± 1.06 

Φυ  /  
300 (N=27) 

46.4 ± 14.2 57.3 ± 12.6 25.7 ± 7.8 -0.36 ± 0.91 

. (  p) 0.925 0.944 0.103 0.498 
α   

300 (N=18) 
42.6 ± 16.5 50.3 ± 15 18.6 ± 9 -1.02 ± 1.17 

Φυ   
300 (N=40) 

48 ± 14.1 60.6 ± 10.7 26.1 ± 7 -0.21 ± 0.79 

. (  p) 0.434 0.008* 0.003* 0.011* 
 

  υ π α α α π π υ    ± υπ  απ . 

SDMT: Symbol Digit Modality Test, CVLT-II: California Verbal Learning Test, BVMT-R: Brief 

Visuospatial Memory Test-Revised  

1Mann-Whitney U test, *p≤0.005 
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6.6   υ υ  α   υ φυ   

 

Όπ  φα α   α α 14,  34.5% υ α   α  

π α α   Γ  α     υ , 32.8%    

φυ   α  10.3%    υ υ  .  

α  υ φ α   υ υ  α  φυ    

 υ α  υ  α    α  56.9% (33 υ  58 α ). 

  α   αφ      α  α  α  (p=0.26) α   

α  υ φ α  α   (  kappa=0.168, p=0.157), αφα α    

φυ   α  π  υα   α α  πα  

 α α  υ  α   , α  υ υ υ . 

 

α α  14   υ α   Γ  α α     

 υ φυ   

 ΦΓ   ΦΓ  

 

υ υ  

 

 Γ  20 (34.5%) 6 (10.3%) 

 Γ  19 (32.8%) 13 (22.4%) 

 

Γ : Γ  α α α , ΦΓ : φυ  α  Γ  

 

Όπ  φα α   α α 15 α   α 8,   υ υ  α  

υ φυ   α   α  α α υ  α  απ  

υ  υ .  α  α  α α   300 

α υ , α υ  απ   300 .  α  υα α 

   P300 α   α  α  300 α υ .  

υ υα  υ  α  α υ  300 ( .  ≤8.92 V / α  

α υ  ≥329.42ms)  υα α, α α  α  

α α 93.1%, 56.7% α  76.1%, α . υ π α α    

φυ   α  π  υα  α   απ   

υ υ   α   υ  α  α .  
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α α  15 α  α α υ υ  α  υ φυ  

 α   υ -α  

 

 AUC1 υπ  
φ α1 

α α 
(p 1) 

υα α 
(%) 

α 

(%) 

α  
α (%) 

α  
Ό  

SDMT 0.774 0.044 <0.0001* 62.1 82 70.5 ≤50 
CVLT-II 0.694 0.051 0.001* 51.7 84 65.8 ≤58 
BVMT-R 0.749 0.047 <0.0001* 70.7 72 71.4 ≤29 
Γ  

 
0.786 0.043 <0.0001* 70.7 76 71.4 ≤0.075 

300 
 

0.764 0.046 <0.0001* 84.5 60 72.4 ≤8.92( V) 

300 
/  

0.799 0.044 <0.0001* 67.2 90.2 78 ≥329.42(ms) 

 
1 υ   α π  ROC (  υπ  AUC=0.5), *p≤0.05 

 

 

 

α 8 α π  ROC α   α  α  α  υ  α  

 

 

Όπ  φα α   α α 16, υπ  α   υ  α  υ 

υ  υ 300 α   υ υ  π  α  α  υ   
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 α υ ,    α  α,  φ  α   πα υ  

   α  (υ  α  α )  . α  α  α  

  α  υ  α   Pz P300 α υ  α  υ  

CVLT-II α   .  

 

α α  16 υ  α  υ υ  α  υ φυ   

   α  α  α 1 

 

 
SDMT CVLT-II BVMT-R 

υ  
Γ   

Fz  0.259* (0.008) 0.345* (<0.0001) 0.288* (0.003) 0.361* (<0.0001) 
Fz /  -0.246* (0.012) -0.134 (0.172) -0.307* (0.001) -0.278* (0.004) 

Cz  0.311* (0.001) 0.371* (<0.0001) 0.376* (<0.0001) 0.429* (<0.0001) 
Cz /  -0.231* (0.018) -0.132 (0.179) -0.313* (0.001) -0.275* (0.005) 

Pz  0.292* (0.003) 0.312* (0.0001) 0.350* (<0.0001) 0.387* (<0.0001) 
Pz /  -0.203* (0.038) -0.111 (0.258) -0.271* (0.005) -0.238* (0.015) 
P300  0.304* (0.002) 0.362* (<0.0001) 0.358* (<0.0001) 0.415* (<0.0001) 

P300 /  -0.228* (0.019) -0.127 (0.197) -0.299* (0.002) -0.265* (0.006) 
 /  -0.305* (0.002) -0.402* (<0.0001) -0.284* (0.003) -0.399* (<0.0001) 

 

SDMT: Symbol Digit Modality Test, CVLT-II: California Verbal Learning Test, BVMT-R: Brief 

Visuospatial Memory Test-Revised 
1Pearson's rho  απ   α  α,  φ  α   πα υ .    πα  

α π π υ   π π  α α  p. 

*p≤0.05 

 

6.7 υ  α   α   α   Γ  α   υ  α  

   

 

υ  πα α  α  φα α   αφ  α  α     Γ  α  

   φυ  α  Γ  ( ΦΓ )    υ  υ  

υ .  

Ό  αφ   υ  α  α  α  α  α  α  

αφ  α  α  πα υ  (π  υ   α 

πα υ ) α   α α (π  υ  α  α ). 

 Ό  αφ     α   υ  α   Γ  α  

α  αφ  α   α  α α (π  υ  α  

α ).  Ό  αφ     α   υ  α   Γ  

α  α  αφ  α  α  πα υ  (π  υ  

 α πα υ ),  α α (π  υ  α  α ),  
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,   α   α  ( α α   α   Γ ). Ό  

αφ    α   α   Γ  α  α  αφ  

α  α  α   υπ π  ( α   α   Γ ),  

α απ α ( α   α   Γ ),   υ π α  α  (π  

υ  υ  α   Γ ),  α  π ,  ,   α   

α  ( α α  α   Γ ). 

Ό  αφ     α   υ  α   ΦΓ  α  

α  αφ  α   α  π υ α  π  (  α  

α φ α   π υ α  π  απ    υ ).  Ό  αφ    

 α   υ  α   ΦΓ  α  α  αφ  α  

 α  α α (π  υ  α  α ). ,  αφ   

 α   α   ΦΓ  α  α  αφ  α  

α  α απ α α   α  π  ( α α  α   ΦΓ ). 

 

α α  17 υ  α  α  (    Γ ) α  α  α  

   

  
( =51) 

  
( =61) 

  Γ  
( =34) 

  Γ  
( =27) 

α α  
(  p)1 

α ( ) 38.7 ± 9.2 41.8 ± 10.6 39.8 ± 10.4 44.3 ± 10.6 

α. 0.106 § 
. 0.611 § 
. 0.034*# 

. 0.098 # 

Γυ α  41, (80.4) 44, (72.1) 23, (67.6) 21, (77.8) 

α. 0.426 ¥ 
. 0.281 ¥ 
. 1.0 ¥ 
. 0.556 ¥ 

α 
πα υ  

47, (92.2) 46, (75.4) 28, (82.4) 18, (66.7) 

α. 0.036*¥ 
. 0.303 ¥ 
. 0.011**¥ 
. 0.265 ¥ 

α  44, (86.3) 33, (54.1) 20, (58.8) 13, (48.1) 

α. 0.001**¥ 

. 0.009**¥ 

. 0.001**¥ 

. 0.567 ¥ 
α υ 

( ) - 137.9 ± 83.9 122.9 ± 80.8 156.8 ± 85.4 . 0.096 # 

π π  - 7.2 ± 8.3 4.4 ± 4.5 10.7 ± 10.4 . 0.002**# 

EDSS - 2.2 ± 1.9 1.6 ± 1.6 3 ± 2 . 0.006**# 

 - 50, (82) 28, (82.4) 22, (81.5) . 1.0 ¥ 

 - 24, (39.3) 5, (14.7) 19, (70.4) . <0.0001**¥ 

α  π  
(mm) 

50.6 ± 26.3 50.7 ± 26.3 41.3 ± 24.4 62.5 ± 24.2 

α. 0.984 § 
. 0.105 § 
. 0.033*# 
. 0.003**# 

υ α  
π  (mm) 

40.5 ± 25.9 33.4 ± 25.3 30.2 ± 24.7 37.4 ± 26 

α. 0.143 § 
. 0.07 § 
. 0.475 # 
. 0.213 # 

υ  π  46.6 ± 25.3 44.3 ± 31.5 37.4 ± 32.3 53 ± 28.9 α. 0.674 § 
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(mm) . 0.166 § 
. 0.436 # 
. 0.044*# 

 10.8 ± 7.7 13.1 ± 8.7 10.4 ± 6.6 16.7 ± 9.9 

α. 0.144 § 
. 0.789 § 
. 0.01**# 

. 0.012**# 

Ά  4.4 ± 5.7 6.5 ± 7.2 4.5 ± 5.4 9.2 ± 8.5 

α. 0.087 § 
. 0.929 § 
. 0.002**# 

. 0.01**# 

α  5.9 ± 6.6 8.9 ± 9 6 ± 7.1 12.6 ± 10 

α. 0.051 § 
. 0.959 § 
. 0.001**# 

. 0.003**# 
  υ π α α α π π υ    ± υπ  απ  α  π  α  α  απ υ  α  α  

υ α , (%) α  α . : π  α , Γ : Γ  α α α , : υ π α  α , 

: υ  α  α , EDSS: Expanded Disability Status Scale  
1  p α υ :  

α.  vs. , .  vs.   Γ , .  vs.   Γ , .   Γ  vs.   Γ  
¥Chi-square test (  Yates), §Student's t-test, # Mann-Whitney U test 

α α α α υπ υ  α  α  αφ    α  . 

*p≤0.05 **p≤0.017 (  Bonferroni α  3 υ : ,  α  ) 

 

α α  18 υ  α  α  (    φυ  

α  Γ ) α  α  α     

 

  
( =51) 

  
( =58) 

  
ΦΓ  ( =19) 

  ΦΓ  
( =39) 

α α  
(  p)1 

α ( ) 38.7 ± 9.2 41.5 ± 10.5 40.2 ± 11.2 42.1 ± 10.2 

α. 0.147 § 
. 0.812 # 
. 0.103 § 
. 0.507 # 

Γυ α  41, (80.4) 41, (70.7) 14, (73.7) 27, (69.2) 

α. 0.343 ¥ 
. 0.531 ¥ 
. 0.330 ¥ 
. 0.966 ¥ 

α 
πα υ  

47, (92.2) 44, (75.9) 14, (73.7) 30, (76.9) 

α. 0.043*¥ 
. 0.054 ¥ 
. 0.083 ¥ 
. 1.0 ¥ 

α  44, (86.3) 32, (55.2) 12, (63.2) 20, (51.3) 

α. 0.001**¥ 
. 0.045*¥ 
. 0.001**¥ 

. 0.567 ¥ 
α υ 

( ) - 139.7 ± 84.9 133.2 ± 83.6 142.9 ± 86.4 
. 0.759 # 

π π  - 7 ± 8 6 ± 9.6 7.5 ± 7.1 . 0.300 # 

EDSS - 2.2 ± 1.8 1.4 ± 1.6 2.6 ± 1.8 . 0.005**# 

 - 48, (82.8) 15, (78.9) 33, (84.6) . 0.714 ¥ 

 - 23, (39.7) 4, (21.1) 19, (48.7) . 0.083 ¥ 

α  π  
(mm) 

50.6 ± 26.3 49.9 ± 25.4 34.6 ± 25.6 57.4 ± 21.9 

α. 0.897 § 
. 0.056 # 
. 0.192 § 
. 0.003**# 

υ α  
π  (mm) 

40.5 ± 25.9 33.1 ± 25.6 23.3 ± 22.5 37.9 ± 26 

α. 0.138 § 
. 0.015**# 
. 0.638 § 
. 0.048* # 
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υ  π  
(mm) 

46.6 ± 25.3 44 ± 31 36.1 ± 30 47.8 ± 31.1 

α. 0.634 § 
. 0.108 # 
. 0.836 § 
. 0.127 # 

 10.8 ± 7.7 13.1 ± 8.4 12.6 ± 9.8 13.4 ± 7.7 

α. 0.135 § 
. 0.470 # 
. 0.120 § 
. 0.622 # 

Ά  4.4 ± 5.7 6.2 ± 6.7 4.8 ± 6.2 6.9 ± 6.9 

α. 0.128 § 
. 0.707 # 
. 0.062 § 
. 0.119 # 

α  5.9 ± 6.6 8.7 ± 8.7 7.5 ± 10.5 9.4 ± 7.8 

α. 0.064 § 
. 0.968 # 
. 0.027*§ 
. 0.127 # 

 

  υ π α α α π π υ    ± υπ  απ  α  π  α  α  απ υ  α  α  

υ α , (%) α  α . : π  α , ΦΓ : φυ  α   

α α α , : υ π α  α , : υ  α  α , EDSS: Expanded Disability Status Scale  
1  p α υ :  

α.  vs. , .  vs.   ΦΓ , .  vs.   ΦΓ , .   ΦΓ  vs.   ΦΓ  
¥Chi-square test (  Yates)  Fisher exact test , §Student's t-test, # Mann-Whitney U test 

α α α α υπ υ  α  α  αφ    α  . 

*p≤0.05 **p≤0.017 (  Bonferroni α  3 υ : ,  α  ) 

 

6.8 υ  α   α   α   Γ  α   υ  α  

α   ( , απ )   

 

Όπ  φα α   α α 19,  α   Γ  α  α  α  

α υ υ   απ    υ  α   α   Γ ,  απ  

 α  π π  πα υ .  υ  α  α  α α  

    υ  α  υ   α α π α α   

π φ  (α α α     υ  α   Γ   π υ  

α  π  υα   α  α υ   α α   υ) α   

π  .  α   Γ  φ α  α  α   υ  

υ     φυ  πα α υ  υ P300 ( α α  20), α  

      P300 (   Cz α  Pz)  υ  α   Γ , 

 απ   α  π π  πα υ .  α υ  P300 φ  

α  π  α  υ  α  α   Γ ,  π υ  α  

υα   α  α α  υ. Ό  αφ   απ   

α  αφ  πα α α  α  α  π  α     

α ,   υ υ α      ( α  21 α  22). 
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α α  19 υ  α  α  (    Γ ) α  α  α  

υ υ     

  
( =51) 

  
( =61) 

  Γ  
( =34) 

  Γ  
( =27) 

α α  
(  p)1,2 

SDMT 60 ± 10.1 46.6 ± 15.3 53.3 ± 12.6 38.1 ± 14.3 

α. 0.003*  

. 0.05*  

. <0.0001* 

. <0.0001*  

CVLT-II 65.5 ± 7.3 57.6 ± 12.8 64.5 ± 8.2 49 ± 12.5 

α. 0.134  
. 0.997  
. <0.0001*  

. <0.0001*  

BVMT-R 30.6 ± 5.2 23.7 ± 8.34 28.6 ± 5.1 17.5 ± 7.7 

α. 0.025* 
. 0.498  
. <0.0001* 

. <0.0001*  

υ   
 

0.44 ± 0.58 -0.45 ± 0.99 -0.16 ± 0.59 -1.22 ± 0.85 

α. 0.008* 
. 0.277 
. <0.0001* 

. <0.0001*  

 

  υ π α α α π π υ    ± υπ  απ . Γ : Γ  α α α , : υ  α  

α , SDMT: Symbol Digit Modality Test, CVLT-II: California Verbal Learning Test, BVMT-R: Brief Visuospatial Memory 

Test-Revised 

1α.  vs. , .  vs.   Γ , .  vs.   Γ , .   Γ  vs.   Γ  
2ANCOVA  α  α ,  α,  πα υ  α   α* πα υ . π   Sidak 

post-hoc test α  α   υ  ,  α  . α α α α υπ υ  α  α  αφ  

  α  . 

*p≤0.05  

 

α α  20 υ  α  α  (    Γ ) α  α  α  

φυ     

 

  
( =51) 

  
( =58) 

  Γ  
( =32) 

  Γ  
( =26) 

α α  
(  p)1,2 

Fz  ( V) 9.95 ± 3.52 7.45 ± 4.49 8.67 ± 4.97 5.95 ± 3.33 

α. 0.116  
. 0.428  
. 0.001* 
. 0.051  

Cz  ( V) 9.91 ± 3.50 7.33 ± 4.79 8.90 ± 5.48 5.40 ± 2.82 
α. 0.042*  

. 0.587  

. <0.0001*  

. 0.005*  

Pz  ( V) 8.33 ± 3.40 5.45 ± 4.57 6.54 ± 5.43 4.12 ± 2.77 
α. 0.262 

. 0.162  

. <0.0001* 

. 0.035*  

Fz /  (ms) 
311.24 ± 

16.36 
347.08 ± 

40.75 350.03 ± 47.53 343.44 ± 30.96 
α. 0.141 

. <0.0001* 

. <0.0001* 

. 0.934  

Cz /  (ms) 
310.94 ± 

16.66 
345.19 ± 

39.45 347.90 ± 45.92 341.85 ± 30.22 
α. 0.140 

. <0.0001* 

. <0.0001* 

. 0.94 
Pz /  (ms) 310.43 ± 343.67 ± 348.26 ± 45.50 338.02 ± 28.71 α. 0.126 
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17.15 38.91 . <0.0001* 

. 0.001* 

. 0.591 

P300  ( V) 9.40 ± 3.11 6.75 ± 4.44 8.03 ± 5.13 5.16 ± 2.74 
α. 0.093 

. 0.314 

. <0.0001* 

. 0.013* 

P300 /  (ms) 
310.87 ± 

16.60 
345.31 ± 

39.42 348.73 ± 46.15 341.11 ± 29.45 
α. 0.133 

. <0.0001* 

. <0.0001* 

. 0.849 

 α α  
(ms) 

355.51 ± 
28.65 

395.24 ± 
54.89 383.20 ± 52.93 410.07 ± 54.60 

α. 0.344 
. 0.033* 

. <0.0001* 

. 0.130 
      

  υ π α α α π π υ    ± υπ  απ . Γ : Γ  α α α , : υ  α  

α  

1α.  vs. , .  vs.   Γ , .  vs.   Γ , .   Γ  vs.   Γ  
2ANCOVA  α  α ,  α,  πα υ  α   α* πα υ . π   Sidak 

post-hoc test α  α   υ  ,  α  . α α α α υπ υ  α  α  αφ  

  α  . 

*p≤0.05  

 
α α  21 υ  α  α   α   Γ  α  απ  

   

Γ α  
 

 

 Γ  
  Γ   . 

(  p)1 

/  
 

(ml) 

  Γ     
Γ   

. 

(  p)1 

TVW 
(mm) 

4.33 ± 2 5.34 ± 1.82 0.042* LV 15.37 ± 19.55  
31.21 ± 
23.42  0.002* 

NTVW 
0.038 ± 
0.016 

0.047 ± 
0.016 0.025* NBV 

1472.45 ± 
135.22 

1428.06 ± 
162.05 

0.231 

TVV (ml) 2.91 ± 1.4 3.57 ± 1.42 0.055 NGMV 645.95 ± 134.26 
634.37 ± 

95.37 
0.55 

NTVV 
25.33 ± 
11.36 

31.73 ± 
12.48 0.045* NPGMV 508.57 ± 109.57 

493.13 ± 
86.56 

0.364 

BCR 
0.117 ± 
0.024 

0.136 ± 
0.074 

0.716 NWMV 829.21 ± 85.27 
793.69 ± 
119.22 

0.55 

CCI 
0.378 ± 

0.06 
0.331 ± 
0.064 0.015*     

FHW 
(mm) 

33.79 ± 
3.68 

34.95 ± 3.55 0.299     

NFHW 
0.296 ± 
0.028 

0.311 ± 
0.029 

0.112     

  υ π α α α π π υ    ± υπ  απ .  

Γ : Γ  α α α , : υ  α  α ,  BCR: BiCaudate Ratio, CCI: Corpus Callosum Index, FHW: Frontal 

Horn Width, LV: Lesion Volume, NBV: Normalized Brain Volume, NFHW: Normalized Frontal Horn Width, NGMV: 

Normalized Grey Matter Volume, NPGMV: Normalized Peripheral Grey Matter Volume, NTVV: Normalized Third Ventricle 

Volume, NTVW: Normalized Third Ventricle Width, NWMV: Normalized White Matter Volume, TVV: Third Ventricle 

Volume, TVW: Third Ventricle Width 

α α α α υπ υ  α  α  αφ    α  . 
1Mann-Whitney U test, *p≤0.05 
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α α  22 υ  α  α   α   Γ  α  υπ φ  

φα     

  
(ml) 

  Γ    Γ  
. 

(  p)1 

φ   7.77 ± 1.63 7.57 ± 1.54 0.706 

φ   7.38 ± 1.39 7.13 ± 1.53 0.599 
φ   

(  ) 7.59 ± 1.48 7.35 ± 1.5 0.610 

υφ   7.61 ± 1.66 7.55 ± 1.52 0.819 

υφ   7.55 ± 1.51 7.43 ± 1.60 0.615 

υφ   
(  ) 7.58 ± 1.54 7.49 ± 1.53 0.631 

 φα α  3.12 ± 0.71 3.09 ± 0.71 0.845 

 φα α  3.23 ± 0.69 3.34 ± 0.77 0.286 

 φα α  
(  ) 3.18 ± 0.68 3.21 ± 0.72 0.540 

Θ α   12.17 ± 2.37 11.99 ± 2.33 0.837 

Θ α   12.38 ± 2.29 12.25 ± 2.45 0.873 

Θ α   
(  ) 12.27 ± 2.29 12.12 ± 2.36 0.855 

ππ α π   8.9 ± 2.13 8.93 ± 1.95 0.837 

ππ α π   8.73 ± 2.23 8.57 ± 2.1 0.681 

ππ α π   
(  ) 8.82 ± 2.14 8.75 ± 2 0.945 

υ α   3.33 ± 0.97 3.39 ± 0.95 0.631 

υ α   3.67 ± 1.0 3.67 ± 0.97 0.927 

υ α   
(  ) 3.50 ± 0.96 3.53 ± 0.95 0.802 

π   1.08 ± 0.30 1.14 ± 0.36 0.704 

π   1.25 ± 0.36 1.24 ± 0.43 0.987 

π   
(  ) 1.16 ± 0.29 1.19 ± 0.35 0.605 

  υ π α α α π π υ    ± υπ  απ .  

: , Γ : Γ  α α α , : , : υ  α  α  

α α α α υπ υ  α  α  αφ    α  . 
1Mann-Whitney U test 
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6.9 υ  α   α   α   φυ  α  

Γ  α   υ  α  α   ( , απ )  

 

 

Όπ  φα α   α α 23,  α   ΦΓ  α  α  α  

α υ υ   απ    υ ,  φ α  α   

 π   απ  υ  α   ΦΓ ,  απ   α  

π π  πα υ .  υ  α  α  α α     

 υ  α  υ   α α π α α   π φ  (α α α  

   υ  α   ΦΓ   π υ  α  π  υα  

 α  α υ   α α   υ) α   π  .  

 α   ΦΓ  φ α  α  α   υ  υ     

φυ  πα α υ  υ P300 ( α α  24), α      

 α υ  P300 α    α α   υ  α   ΦΓ , 

 απ   α  π π  πα υ .   Cz-P300 φ  α  

π  α  υ  α  α . Ό  αφ   απ    

πα α α  α  αφ  α α υ  α   α   Γ  

( α  25 α  26). 

 

α α  23 υ  α  α  (    φυ  

α  Γ ) α  α  α  υ υ     

  
( =51) 

  
( =58) 

  
ΦΓ  ( =19) 

  ΦΓ  
( =39) 

α α  
(  p)1,2 

SDMT 60 ± 10.1 46.3 ± 15 47.16 ± 15.4 45.9 ± 14.9 

α. 0.004*  

. 0.007* 

. <0.0001* 

. 0.896  

CVLT-II 65.5 ± 7.3 57.4 ± 13 60.8 ± 10.7 55.7 ± 13.8 

α. 0.136  
. 0.601  
. 0.001*  

. 0.193  

BVMT-R 30.6 ± 5.2 23.7 ± 8.4 28.7 ± 5.6 21.3 ± 8.5 

α. 0.035* 
. 0.808  
. <0.0001* 

. 0.001*  

υ   
 

0.44 ± 0.58 -0.46 ± 0.99 -0.08 ± 0.76 -0.64 ± 1.04 

α. 0.01* 
. 0.151 
. <0.0001* 

. 0.029*  
  υ π α α α π π υ    ± υπ  απ . ΦΓ : φυ  α  Γ  

α α α , : υ  α  α , SDMT: Symbol Digit Modality Test, CVLT-II: California Verbal Learning Test, 

BVMT-R: Brief Visuospatial Memory Test-Revised 

1α.  vs. , .  vs.   Γ , .  vs.   Γ , .   Γ  vs.   Γ  
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2ANCOVA  α  α ,  α,  πα υ  α   α* πα υ . π   Sidak 

post-hoc test α  α   υ  ,  α  . α α α α υπ υ  α  α  αφ  

  α  . 

*p≤0.05  

 

α α  24 υ  α  α  (    ΦΓ ) α  α  α  

φυ     

 

  
( =51) 

  
( =58) 

  
ΦΓ  ( =19) 

  ΦΓ  
( =39) 

α α  
(  p)1,2 

Fz  ( V) 9.95 ± 3.52 7.45 ± 4.49 8.9 ± 3.85 6.74 ± 4.65 

α. 0.116  
. 0.865  
. 0.001* 
. 0.114  

Cz  ( V) 9.91 ± 3.5 7.33 ± 4.79 9.02 ± 4.13 6.51 ± 4.92 

α. 0.042*  
. 0.886  
. 0.001*  
. 0.077  

Pz  ( V) 8.33 ± 3.4 5.45 ± 4.57 6.21 ± 3.93 5.08 ± 4.85 

α. 0.262 
. 0.194  
. 0.001* 
. 0.678  

Fz /  (ms) 
311.24 ± 

16.36 
347.08 ± 

40.75 
316.41 ± 18.42 362.02 ± 40.37 

α. 0.141 
. 0.861 
. <0.0001* 

. <0.0001*  

Cz /  (ms) 
310.94 ± 

16.66 
345.19 ± 

39.45 
315.48 ± 17.9 359.66 ± 39.08 

α. 0.140 
. 0.902 
. <0.0001* 

. <0.0001* 

Pz /  (ms) 
310.43 ± 

17.15 
343.67 ± 

38.91 
315.38 ± 17.31 357.45 ± 39.16 

α. 0.126 
. 0.895 
. <0.0001* 

. <0.0001* 

P300  ( V) 9.4 ± 3.11 6.75 ± 4.44 8.04 ± 3.72 6.11 ± 4.66 

α. 0.093 
. 0.598 
. 0.001* 
. 0.172 

P300 /  (ms) 
310.87 ± 

16.6 
345.31 ± 

39.42 
315.76 ± 17.71 359.71 ± 39.15 

α. 0.133 
. 0.884 
. <0.0001* 

. <0.0001* 

 α α  
(ms) 

355.52 ± 
28.65 

395.24 ± 
54.89 

370.33 ± 51.25 407.38  ± 53.04 

α. 0.344 
. 0.853 
. <0.0001* 

. 0.002* 

      

  υ π α α α π π υ    ± υπ  απ . ΦΓ : φυ  α  Γ  

α α α , : υ  α  α  

1α.  vs. , .  vs.   Γ , .  vs.   Γ , .   Γ  vs.   Γ  
2ANCOVA  α  α ,  α,  πα υ  α   α* πα υ . π   Sidak 

post-hoc test α  α   υ  ,  α  . α α α α υπ υ  α  α  αφ  

  α  . 

*p≤0.05  
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α α  25 υ  α  α   α   φυ  

α  Γ  α  απ     

Γ α  
 

 

 
ΦΓ  

  
ΦΓ   

. 

(  p)1 

/  
 

(ml) 

  
ΦΓ   

  
ΦΓ   

. 

(  p)1 

TVW 
(mm) 

4.29 ± 1.91 5.11 ± 1.99 0.270 LV 21.36 ± 22.77  
23.67 ± 
23.61  

0.597 

NTVW 
0.037 ± 
0.016 

0.045 ± 
0.017 

0.170 NBV 
1479.19 ± 

139.97 
1438.26 ± 

160.75 
0.355 

TVV (ml) 3.01 ± 1.12 3.38 ± 1.57 0.508 NGMV 640.29 ± 147.27 
637.52 ± 

111.3 
0.561 

NTVV 
26.36 ± 

9.12 
29.76 ± 
13.45 

0.524 NPGMV 494.74 ± 120.11 
500.96 ± 

95.81 
0.731 

BCR 
0.117 ± 
0.028 

0.130 ± 
0.062 

0.787 NWMV 838.9 ± 99.15 
803.10 ± 
107.42 

0.383 

CCI 
0.343 ± 
0.054 

0.361 ± 
0.072 

0.398     

FHW 
(mm) 

33.89 ± 
4.05 

34.61 ± 3.55 0.516     

NFHW 
0.298 ± 
0.031 

0.305 ± 
0.030 

0.418     

  υ π α α α π π υ    ± υπ  απ .  

ΦΓ : φυ  α  Γ  α α α , : υ  α  α ,  BCR: BiCaudate Ratio, CCI: 

Corpus Callosum Index, FHW: Frontal Horn Width, LV: Lesion Volume, NBV: Normalized Brain Volume, NFHW: Normalized 

Frontal Horn Width, NGMV: Normalized Grey Matter Volume, NPGMV: Normalized Peripheral Grey Matter Volume, NTVV: 

Normalized Third Ventricle Volume, NTVW: Normalized Third Ventricle Width, NWMV: Normalized White Matter Volume, 

TVV: Third Ventricle Volume, TVW: Third Ventricle Width 

α α α α υπ υ  α  α  αφ    α  . 
1Mann-Whitney U test 

 

α α  26 υ  α  α   α   φυ  

α  Γ  α  υπ φ  φα      

  
(ml) 

  ΦΓ    ΦΓ  
. 

(  p)1 

φ   7.42 ± 2.17 7.78 ± 1.36 0.597 

φ   7.1 ± 1.7 7.31 ± 1.41 0.693 
φ   

(  ) 7.26 ± 1.91 7.57 ± 1.35 0.615 

υφ   7.29 ± 1.83 7.72 ± 1.56 0.653 

υφ   7.37 ± 1.78 7.49 ± 1.48 0.838 

υφ   
(  ) 7.33 ± 1.79 7.6 ± 1.48 0.989 

 φα α  3 ± 0.92 3.16 ± 0.64 0.443 

 φα α  3.12 ± 0.82 3.33 ± 0.71 0.235 

 φα α  
(  ) 3.06 ± 0.86 3.24 ± 0.66 0.374 

Θ α   11.62 ± 2.68 12.27 ± 2.3 0.577 

Θ α   12.25 ± 2.81 12.3 ± 2.27 0.838 

Θ α   
(  ) 11.94 ± 2.74 12.28 ± 2.23 0.713 



70 
 

ππ α π   8.84 ± 2.32 8.89 ± 1.99 0.817 

ππ α π   8.39 ± 2.33 8.63 ± 2.15 0.577 

ππ α π   
(  ) 8.61 ± 2.30 8.76 ± 2.04 0.577 

υ α   3.41 ± 1.06 3.32 ± 0.96 0.673 

υ α   3.58 ± 1.06 3.66 ± 0.99 0.860 

υ α   
(  ) 3.49 ± 1.04 3.49 ± 0.96 0.946 

π   1.07 ± 0.23 1.12 ± 0.37 0.599 

π   1.26 ± 0.4 1.24 ± 0.41 0.784 

π   
(  ) 1.16 ± 0.3 1.18 ± 0.34 0.623 

  υ π α α α π π υ    ± υπ  απ .  

: , ΦΓ : φυ  α  Γ  α α α , : , : υ  α  α  

α α α α υπ υ  α  α  αφ    α  . 
1Mann-Whitney U test 

 

 πα   α α  α  απ     α 

 α  πα  P300  α  α υ  π υ α α  

  υ  1 α  2 ( . α 6.4).  πα α  π α α φα α    

α  α  αφ   υ α . υ α   υ 300 

α   υ      υ  φα  α  π φ  φα  

υ α . 

 

α α  27  απ    π υ  α  

φυ  α  πα  P300 απ  

 

 Φυ  300 
 (  1) 

α  300 
 (  1) 

. 
(  p)

1 
NGMV 657.35 ± 124.99 589.28 ± 100.39 0.048* 

NPGMV 514.71 ± 101.98 458.68 ± 95.58 0.042* 

 Φυ  300 
 (  2) 

α  300 

 (  2)  

NGMV 660.95 ± 125.48 586.21 ± 96.75 0.021* 

NPGMV 516.75 ± 103.08 458.28 ± 91.52 0.021* 
 

  υ π α α α π π υ    ± υπ  απ .  

 1: α  α    υ  α  

 2. α   α   πα     π   πα υ  

NGMV: Normalized Grey Matter Volume, NPGMV: Normalized Peripheral Grey Matter Volume 

α α α α υπ υ  α  α  αφ    α  . 
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1Mann-Whitney U test, p≤0.05 

 

6.10  πα   υ υ  α  

φυ   υ  α    

 

Όπ  φα α  απ   υ υα    28 α  29,  υ  

π  απ  πα  α  υ    α   

 υ υ (CCI) α      (  α α  29 πα υ  

 α α  α  α,    442 π υ α ). π π  

απ   α α   α  π   α  

 α   α  απ α   π α   (NFHW) α   

α  π   3  α  (NTVW), α . Ό  αφ   α 

P300,   α α  α  απ   α  300 

α υ . α α  π  πα  α  300 

 α   α  απ α   π α   (NFHW) α   

υ  α   υ φ υ (NBV). 

 

 

α α  28 υ  α   α  απ   

 

Γ   
π  

 
Pearson's rho 

α α 

(  p)
1 

SDMT LV -0.341 0.05** 
CVLT TVW -0.292 0.044* 

 NTVW -0.329 0.022* 
 CCI 0.323 0.025*** 

 NFHW -0.407 0.004* 
 LV -0.318 0.031*** 

BVMT-R NTVV -0.306 0.035* 
 TVW -0.301 0.038*** 

 NTVW -0.342 0.017* 
υ  Γ  

 
NTVW -0.322 0.025* 

 CCI 0.289 0.046*** 

 NFHW -0.307 0.034* 
 LV -0.323 0.028*** 

Fz  NFHW -0.313 0.037*** 

 NBV 0.334 0.029* 
 CCI 0.390 0.033** 

Cz  NBV 0.335 0.028* 
P300  NFHW -0.299 0.046* 

 NBV 0.317 0.039* 
 α α  LV 0.311 0.043*** 
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CCI: Corpus Callosum Index, LV: Lesion Volume, NBV: Normalized Brain Volume, NFHW: Normalized Frontal Horn Width, 

NTVV: Normalized Third Ventricle Volume, NTVW: Normalized Third Ventricle Width, TVW: Third Ventricle Width 
1 α υ α    α α  p α  υ  (Pearson's rho)   α  α 

(  α   α α   απ   α  α**) 

*p≤0.05   α α 

** p≤0.05   απ   α α 

*** p≤0.05  α   απ   α α 

 

α α  29 Γ α  α α υ  α  α  π  

απ  πα     

 
 1 

( α, πα υ ) 
(R2 %) 

 2 

(sbeta; R2 α α  %) 
υ  R2 % 

α α  
(p ) 

SDMT 26.6% CCI (0.255;5.1%) 31.7% 0.042* 
CVLT-II 7.2% LV (-0.289;6.1%) 13.3% 0.05* 
CVLT-II 7.2% CCI (0.321;8.6%) 15.8% 0.022* 
CVLT-II 7.1% NFHW (-0.343;7.5%) 14.6% 0.031* 
BVMT-R 12.1% NTVW (-0.302;5.9%) 18% 0.046* 

υ  
Γ   

21.7% LV (-0.3;7.1%) 28.8% 0.026* 

υ  
Γ   

21.7% CCI (0.299;7.9%) 29.5% 0.021* 

Fz  2.7% NFHW (-0.362;9.8%) 12.5% 0.038* 
Fz  2.9% NBV (0.355;11.1%) 14% 0.031* 
Cz  3.7% NBV (0.345;10.4%) 14.1% 0.036* 

P300  2% NFHW (-0.342;8.8%) 10.8% 0.05* 
P300  2.4% NBV (0.330;9,5%) 11.9% 0.047* 

 

CCI: Corpus Callosum Index, LV: Lesion Volume, NBV: Normalized Brain Volume, NFHW: Normalized Frontal Horn Width, 

NTVW: Normalized Third Ventricle Width  

sbeta: standardized beta 

*p≤0.05 

 

Όπ  φ   π  α  α   α   Γ  φ α  

α  α  υ  α   υ  υ   π   α   υπ π ,  

EDSS,  α  π ,  ,   α   α . υ α 

   αυ   πα α   υ φ    CCI α  LV 

 υ   ,  πα υ      α  

α απ  αυ  υ  πα  .  α αυ  α α α   

α α αυ    α  π  υ  . α  

απ   πα α  υπ π    LV, α  π  π α   α   

υπ π  α α α   φ     υ  πα απ    

υ. 

Ό  αφ  υ  α   φυ  α  Γ  αυ  φ α  

α   π   α  π  α   EDSS.  α   
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π α    υ NBV   P300   απ   α  EDSS. 

Γ α υ  π   π υ α    υ  α α υ α  α 

πα α  α ( α α  30, . α  α υ ). Ό  αφ    υ 

EDSS  π α  υ NFHW   P300,  α  , α α 

α   α  α  α . υ  α  π α α  υ  

υ - α α α  EDSS α  NFWHW. α    α  υ 

υ  πα α  EDSS α  υ πα α α π α  α  <0.2 

( . 0.009 α  0.008, α ),   πα α  υ  α  EDSS α  

NFHW α  Pearson's rho 0.286 (p=0.04).  α  α  α  

α  π   υ   NFHW α  NBV. 

 

α α  30  υ υ  π   π α   απ  

 (NFHW, NBV)   υ P300 

 

 1 SBeta (p )  1 SBeta (p )  1 SBeta (p ) 

α, 
πα υ  

- 
α, 

πα υ  
- 

α, 
πα υ  

- 

NFHW -0.331 (0.062) NFHW -0.335 (0.058) NBV 0.319 (0.063) 

EDSS -0.109 (0.519) 
α  

π  
-0.092 (0.544) 

α  
π  

-0.043 (0.063) 

 2  2  2 

NFHW*EDSS 2.352 (0.155) 
NFHW* α/  

π  
0.379 (0.842) 

NBV* α/  
π  

-0.013 (0.991) 

EDSS: Expanded Disability Status Scale, NBV: Normalized Brain Volume, NFHW: Normalized 

Frontal Horn Width 

sBeta: Standardized Beta 

*p≤0.05 

 

6.11 π π  υ   υ  απ     

 

Όπ  φα α   α α 31,  α  α  υ   απ  

  π   α α  α  υ α   υπ π  α  υ  

υ υ  υ  υ α  (NWMV) α  υ π π υ υ υ     υ 

α  π  πυ α. Όπ  φα α  ( α α  32) απ   α  

α  π υ α  α  α   υ  φα  α  

π φ  φα  υ α  α   α  π υ α α  φ , α  

α    α , α   α   α  π υ  α α  

α π π  α . 
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α α  31 α  υ   α     απ  

 

 
π  

 
Pearson's rho 

α α 

(  p)
1 

α υ TVV 0.299 0.039* 
 NTVV 0.310 0.032* 
 TVW 0.333 0.021* 
 NTVW 0.344 0.017* 
 CCI -0.322 0.026* 
 NBV -0.303 0.041* 

 π π  NWMV -0.316 0.032*** 

EDSS NFHW 0.286 0.049* 
 NWMV -0.359 0.014* 

υ  π  NWMV -0.314 0.034* 
 TVW 0.286 0.049* 

 FHW 0.427 0.002* 
 NFHW 0.386 0.002* 

Ά  
 π  

πυ α    0.490 0.013** 

1 α υ α    α α  p α  υ  (Pearson's rho)   α  α 

*p≤0.05   α α 

** p≤0.05   απ   α α 

*** p≤0.05  α   απ   α α 

 

α α  32 α  α   α  α  υ   υ  

απ     

  Fingolimod    α α 

(  p)
1 

NGMV 707.21 ± 68.85 608.44 ± 121.41 0.009* 
NPGMV 551.67 ± 51.80 478.31 ± 103.78 0.01* 

  υ π α α α π π υ     ± υπ  απ  

: π π  α , NGMV: Normalized Grey Matter Volume, NPGMV: Normalized Peripheral 

Grey Matter Volume 
1Mann-Whitney U, *p≤0.017 (  Bonferroni α 3 υ ) 

 

6.12   υ π π  υ υ φα  απ α   

 υ α 

 

Όπ  π φ   α  α α   υ φα  απ α  

α   πα α   (scaling factor, SF) π υ πα α  απ    

SIENAX.   α  π π   αυ  υ πα α     

υ   υ α    α  πα , 

α   π   α α υ πα α α π α  υ SF  
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υ  απ   π υ α  α   π  α. 

α α αφα   πα α  πα υ  π υ α α α  υ   

 απ α, α α απ φ υ   φα   υ - α α  

(colinearity). π  π   πα α  υ φ υ, υ   

αφ  SF α  φ α ( : 1.22 ± 0.13, υ α : 1.36 ± 0.24, p=0.005). 

Όπ  φα α   α α 33  π α   π π   υ 

φα  απ α    υ α. α α  α   

π π   υ πα α    υ P300 (standardized 

beta α  πα α α π α  α  -4.4, p=0.038). υ α  

α   υ  πα α  ( .  α α    

φα  απ α), α  υ  υ π α υ α  υ α  

α  α   P300.  

 

α α  33  π π   υ φα  απ α    

 

 υ  Γ    υ  Γ   

 R2 . 
(p ) 

 R2 . 
(p ) 

α, 
Φ  0.242 0.003* 

α, 
Φ  0.207 0.003* 

LV 0.324 0.029* CCI 0.251 0.067 
SF 0.324 0.985 SF 0.234 0.783 

LV*SF 0.329 0.580 CCI*SF 0.252 0.168 
 

CCI: Corpus Callosum Index, LV: Lesion Volume, SF: Scaling Factor (πα α   απ  

 SIENAX) 

*p≤0.05 

 

α α  34  π π   υ φα  απ α   P300  

 

 Ύ  300  Ύ  300 

 
R2 

(sbeta) 
. 

(p ) 
 R2 

. 
(p ) 

α, 
Φ  0.047 0.384 

α, 
Φ  0.047 0.384 

NFHW 0.127 (1.9) 0.065 NBV 0.132 0.057 
SF 0.132 (4.4) 0.668 SF 0.135 0.717 

NFHW*SF 0.229 (-4.4) 0.038* NBV*SF 0.184 0.144 
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NBV: Normalized Brain Volume, NFHW: Normalized Frontal Horn Width, SF: Scaling Factor 

(πα α   απ   SIENAX) 

sbeta: standardized beta 

*p≤0.05 

 

π     π υ  πα α    υ  α  υ 

P300 α  α  π π   υ  απ α  

πα α  α    (standardized beta CCI*SF = 2.18, p=0.049) α  

  υ P300  Fz (standardized beta NFHW*SF=-4.7, p=.024). Ό  αφ   

π  π π    α  α    υ υ   

 α  α    α    SF ( α  α  

φα  απ α),  α   π     α  π  

υ  υ  υ υ  α    φα  απ α. 

Ό  αφ   α υ Fz υ , αυ  α  α    α υ 

P300 υ  ( . πα απ ). 

 

α α  35  π π   υ φα  απ α   CVLT-II α  

 Fz P300  

 

 CVLT-II  Fz P300  

 
R2 

(sbeta) 
. 

(p ) 
 R2 

(sbeta) 
. 

(p ) 
α, 

Φ  
0.125 0.021* α, 

Φ  
0.023 0.236 

CCI 0.182 (-1.5) 0.053 NFHW 0.097 (2.0) 0.046* 
SF 0.162 (-1.4) 0.964 SF 0.074 (4.6) 0.803 

CCI*SF 0.222 (2.2) 0.049* NFHW*SF 0.173 (-4.7) 0.024* 
 

CCI: Corpus Callosum Index, CVLT-II: California Verbal Learning Test-II, NFHW: Normalized 

Frontal Horn Width, SF: Scaling Factor (πα α   απ   SIENAX) 

sbeta: standardized beta 

*p≤0.05 

 

7 υ  

 

α α  υ π α α   υ π  α  α α υ α: 

   α    α  α  α   α α  

υ υ      υ  υ  υ . 
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   44.3%  α      Γ    α   π  

 α,  φ  α   πα υ  α  5%  υ υ υ  

υ. 

   α    α   Γ  υ  πα α    α  

φ υ α υ α: π   (31.2%),   (24.6%) α  

α α π α α  π φ  (9.8%). 

   α    α  α  α    300 α  α  

α  α υ  P300 α     υ  υ  υ . 

   67.2%  α      φυ  α  Γ  

( ΦΓ )   α   π   πα υ  α  5%  α 

  α   α υ  υ α  300. 

   α    α  υ α ΦΓ     πα  πα α α  

α υ  300 (31%), πα     πα    P300 

(29.5%),    υ  υ . 

   α   πα  α υ   φ α  α   π   

υ υ  . α  α   πα   α  α  

 α α   α  π   α   υ  

 .  

   α  υ φ α  α   υ υ  α   φυ  

   υ α  υ  α    α  56.9%. 

   φυ  α     α 300  αφ  α  

α  α α απ    υ υ  (76.1% vs. 71.4%) α   

 α    απ  υ  υ . 

    υ 300 α  α   α υ  υ 300 α  α  

 α  α , α ,   α α υ υ υ  υ, 

 απ   α  α,  φ  α   πα υ , π α α    

α 300 α     υ α  υ α υ. 

  υ , α  π  υ  α     υ  α  

(86.3% vs. 54.1%), α   πα υ α  Γ   π α  α  α   

α α   α α  (58.8%  α   Γ  vs. 48.1%  α   Γ , 

63.2%  α   ΦΓ  vs. 51.3%  α   ΦΓ ). 

   α   Γ  α  π  υπ π , α απ α, α  π  α  

υ π α α , υ  α  α     υ  α   Γ . 
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π  α  α  π α υ π α α , υ  α  α   

  υ  υ . 

   α   ΦΓ  α  α  α απ α α  α  π    

 α   ΦΓ . 

   α   α   Γ  α  α  α  α  

α υ  300    υ  υ , α     υ 300 α  

α   υ  α   Γ     υ  α   Γ  α  

υ  υ ,  απ    π   πα υ .  α α  

α υ  P300  α α α   υ  α α  

πα υ α  Γ ,    P300 α  π    α  Γ  υ  α  

α α  υ  απ  υ  α   Γ  α  υ  υ . 

  π  υ  απ   α  α  αφ  α α υ  

α   α   Γ  α  α  π  ( α )   α , 

α  α     α , α   υ υ α   

  . 

   α   ΦΓ  φ α  α  α  απ  υ  α   

ΦΓ ,   π   α   υ   ,  απ  

 α  π π  πα υ . α φ α   α  α   α α 

υ υ   α   υ       υ  υ ,  

απ   α  π π  πα υ .  α   ΦΓ  α  α  

 α α  α α π α α  π φ     υ  

υ ,  απ   α  π π  πα υ .  α α  π  

 α  π      α   ΦΓ  απ  υ  α   

ΦΓ  α  υ  υ ,   α α π α α  π φ  α  π   α 

  υ  α  α . 

    α  α  αφ  α   α α   ΦΓ  α  

 απ  . 

  Ό α   π υ  α  υ υ  α   α υ  P300  

  υ  απ  ,  πα    P300 

   α    υ  φα  α   π φ  

φα  υ α  υ φ υ. 

   υ  π  απ  πα  α  υ   

,  α α π α α   π φ  α     α   
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 υ υ α  π π      α  υ   

 α    . α  απ   α α  

 α  π   α   α  απ α   π α  

 α   α  π   3  α , α . Ό  αφ   α 

P300,   α α  α  απ   α  300 

α υ . α α  π  πα  α  300 

 α   α  απ α   π α   α   υ  

α   υ φ υ. 

   φα  απ α  α α  π π  πα α    

υ υ  υ α  300 ( α  α  Fz )   α  

απ α   π α   α          

υ υ. 

 

 πα α     α  α  α   

α α    υ  υ   υ υ  ,   

π  πα  α α   π  α    

α    α α π α α  π φ . υ ,  44.3%  

α  α α α   Γ    π  ,  π  α  

 υ υ      αφ α  ( . 41 ± 15%) (71). 

π ,  υ  π   π  α    α  α 

α π υ π α α  απ   π φ α  π   (228). 

  υ  π   α α  π α α   π φ   

  α  π   (40), α    α αφ   

υ α α  π  α  (228).  α α π α α   

π φ     π α   α α υ α  α  

πα    π   υ π φ α  α    

υπ π υ α ,    α  υ (   π π υ 11 

α) α    α (  α 42 ), α  α   α  

 α   π     π   π     

α   π  υ  φα   υφ  υ υ  πα  (π. . α, 

πα υ  .α.) α π  α  αυ   αφ  (229).  

 α    α  α    υ α  300 α  

α  α υ  υ 300 α     υ  υ ,   

67.2%  α    α  φυ  α  Γ  ( ΦΓ ), 
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α π υ π α α  απ   υ  αφ α  α α α 

π  α α  α  50-75% (184,188,230). α α αυ , α π π  α 

    π α υ   α   α   αυ   

α   ΦΓ ,  υπ  α  α  π    ΦΓ  

(188,214).  πα α  π α  α φα υ  α α υ 5% 

αφ    π α   πα υ , π υ α υπ  α 

  α   υ υ υ  υ.  α  υ φ α  

α   υ υ  α   φυ    

 υ α  υ  α    α  56.9%,   

φυ  α     α 300  α  

α  α α απ    υ υ  α    α   

 απ  υ  υ . υ  α π  α απ     α π  

υ α   α α α  α α  υ  α α  υ φ υ 

απ   φα υπ     υ α    υ υ  

. 

υ ,  α    α  υ α ΦΓ     πα  

πα α α  α υ  300 (50.8%), πα     πα  

  P300 (29.5%),    υ  υ . υ  υ    

υ  αφ α α  α, π υ 19 α  υπ   πα α α  

α υ  α  14 υπ  υ υ υ  

(177,184,187,197,198,204,211–214). α αφ  α  πα α   

α    α υ  300 π  α α  υ  α   υ  

υ  α   υ  α   Γ   υ   Γ   υ 

υ υ  υ. α  α   300  υ  α  

 Γ   υ  α   Γ  α  υ  υ . α ,  π  

  υ  α  υ  α  α  α  υ  α ,  

π υ   υ  υ α α  πα α α  α υ  

υ  α . α α αυ ,    α  α  υ  α  

α  υ  α   α υ  α  υ υ  υ P300  

  α  π υ α  υ α    αφ α, α   α α απ  

αυ      α   α   αυ   α   Γ  

(184,192,193,204,212). α π α    απ υ α   υ   

α υ  υ 300   υ υ    υ  α  

α π  α α   αυ  α α α  π   υ  απ υ  υ 
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   υ, πα   π   υ  υ υ  . 

 π αφ α  απ υ    α α  α π  π  α 

π  αυ    π   φα   π   (184).  

,  α   πα  300  α  α   

α α   α  π   α   υ   . 

α,  π   α  π      α   

ΦΓ  απ  υ  α   ΦΓ  α  υ  υ ,   α α π α α  

π φ  α  π   α   υ  α  α  π υ π  α  

α  υ  α  αφ  300 α υ . υ  α π  

α  απ      πα α  υ υ  υ α  300,  

π  α α α  π   απ α  π , υ υ  υ   

αφ α  α  α  φα  π  π υ υπ  

π    α    α    π  π α  α   

υπ φ  υ   π υ υ υ     υ 300 α  α  

υπ υ   α υ  300 α   α α π α α  

π φ  (169,171). 

 α   Γ  α  α  α α, π  υπ π , α απ α, 

α  π  α  υ π α α , υ  α  α     υ  

α   Γ . π  α  α  π α υ π α α , υ  

α  α     υ  υ . α υ α α αυ  α  υ α    

π π   Γ  υ  α    (228). π ,  α   ΦΓ  α  

α  α απ α α  α  π     α   ΦΓ  

α π υ α  φ   π   (181,187–189,202).  

πα  αυ  α π α  α   υ υ   α π α  

 απ   π υ α  α         

 υ α. Γ α αυ    π α α π α  π π  υ  

υα α  (sensitivity analysis),  π   α  α  π π   

α α   αυ   πα α . α, α α  α 

πα  α α  P300  α  α  υ -

α α  α απ α  α   α  π   υ  απ  

  π υ υπ  π α   αυ  α  απ α  

φα  α α    υ.  α α α    α 

 α  α π π α  π  α   υ  π υ  α  

 α  α     α  π υ π α . 
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π  υ  απ   α  α  αφ  α α υ  

α   α   Γ  α  α  π  ( α )   α , 

α  α     α , α   υ υ α   

  .   υ  π α      3  

α  α      α   π  α  π π  πα   

 υ α    (128,130,133,157,158,160,161).  α   

 α   υ υ (162–164)  π υ  υ  υ    

α α π α α   π φ  α     π   α   

πα α . Γ α     απ   υ     

απ υ ,  α   α  απ α   π α  

  ,  α  π   α   πα   

   3  α , π υ απ   υ   υ  α    

. α α  απ α α α       

π υ α   α    , α π α  α απ   

α   (π. . π   υ π α υ  α   

π υ   α α α   ),  α (π. .  Γ  α   

αφ  π ) α  υ    π   υ υ  υ  α  

α ,   α  (134,139,143,148). 

υ ,  α  α   α  α  α α 

π    υ α  απ    ,  α    

 . α   π  π. .  φα  α  υ  υ α  

α   υπ φ    α α α   α  α   

υ α υ  α   .          

φα  α   υ  υ α  (124,135)   υ α υ (137–139,143,144)  α  

  π. . ππ α π  α  α  α (139,141,143,144,147) α  

α  π π  πα  α   υ α. α α  

απ α α   α   α π α  α απ   αφ  π υ 

αφ    υ   υ ,   α α  απ  

 πα α ,   α    υπ π υ α ,  

α υ     π  MRI  υ (voxel) α  α 

αφ     α α  . 

 πα    P300    α   

 υ  φα  α   π φ  φα  υ α  υ φ υ  

α  π  πα  α  300  α   α  
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απ α   π α   α   υ  α   υ 

φ υ. π ,  φα  απ α (     πα α 

 απ    SIENAX)  α α  π π  πα α  

  υ υ  υ α  300 ( α  α  Fz )   

α  απ α   π α   α      

    υ υ. Ό  αφ   α P300,   

α α  α  απ   α  300 α υ . π  

 υ  α   π  φ  π υ α   α 300  υ  υ  

α  α   απ  . α π α    

υ  α π  α α    πα α  υ α  300 υ υ  

υ  α α  φ  π  α  α   υ π  υ α  

α υ α α  π      φ  π , α  α  υ 

υ  υ υ φ υ (169,171). α,  α υ  π α  

α α α  π   υ   υ υ α  π υ α  υπ υ  

α  πα α  υ 300 α . α  υα α   α 

α  απ   π υ α    υ  υ α υ 

φ υ  α  α  α υ , α π υ α α  π α   

 α α απ   απ  υ  υ  . 

 α π φα  υ ,      1 MRI α   

α  π π  πα α  α  α υ  α υ  

P300 υ  (191).    1 MRI α υ α  α   " α  

π " α     α   α   α   

 α  . α    2    α  α  

300 α,  π  υ φ   α υ α α  υ α  (191). α   

     α   α   π υ   α   

( . 30 απ  υ  59), π   α α    1 α υ α 

υ  απ   α α  υ. π   α  (α α Γ ) 

φ α   υ  υ   α υ  α     υ P300, π υ 

υ   α υ α α   α  . 

 α         α -αυ α π  

 α   πα α      π α  α    α  

  α  α    α υ  υ α υ  300 

α , α  α   π πα   α υ  υ 

300 α  (184).   πα α      α α α  
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π υ α        αυ α π  α  υ  

α α  α  α  υ    πα α υ  υ 300 

(212,214). υ  αφ  απ  ,  

    α    π  α . ,  α   π υ 

34 α  α   υ    α    ,  α  

α  αφ π   π   πα α υ   υ α υ  α  π  

300 π  υ α  (203). 

  πα α    π . α α ,  υ   

π   π π  α φα  α  υ π α α. π π , α π α  

υ   υπ α  α α απ  α α υ  υ  υ , 

 π υ   υα α   α  α υ  α  

αφ . α α αυ , υ   π  α   πα υ α    

Γ  υ  α ,   αυ     π α  α  α 

υ π α α. , α α  α  (13 απ  υ  61)  υπ α  

α α απ  α,  π  π α     . π , 

 απ , α  α  α   αυ  π α αφ  π α  α  

π υ, π α α π α   αφ  α  α,  π υ 

π  α π α   α α  π   α     

. ,  αφ   υ φυ  , α  α  π α α π  

 α α α      υ  υ  υ , π α α π α  

α υπ υ  υφ  υ υ  πα  π υ π α α   . Γ α  

 π α  υ υ  π     π  α   

υ  α α    α . α  π ,  υπ α  

 α   α  α  ( =3) α   α  

υ  ( =2). π , 34 α  α   π  υ α, α   13 

α  υπ π    π  α   α π υ υ  π πα  α 

α , α  α   π  α  φα α  α π   πα α   

π  π  υ α  300 (184).  

υ π α α ,  πα α      υ φυ  

α  π  α π  απ α , π  α    

υ υ  , α    Γ   . π π ,  

α    α α  MRI  υ υα    

υ  φα  α   π  υ α  π π   

π     υ α .  ,  υ υα  
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αυ    α α α  α α α α  α     

υ α  υ α   πα α   α  απ    υ .    

 

8 αφ α 
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Purpose: Cognitive impairment in multiple sclerosis has been

associated with cognitive event-related potentials and MRI

abnormalities. This study aims to explore for the first time the

association between P300 and MRI in multiple sclerosis.

Methods: Fifty-eight relapsing–remitting patients (41.5 6 10.5

years old, 41 women, disease duration 139.7 6 84.9 months)

and 51 healthy controls were used. Visual P300 responses and

a set of 2- or 3-dimensional MRI indices were obtained.

Neuropsychological testing and psychological evaluations were

also performed.

Results: Multiple sclerosis patients had significantly lower P300

amplitude and more prolonged P300 latencies and reaction

times than healthy controls. In total, 67.2% of patients were

identified with abnormal P300 response. These patients had

greater disability and physical fatigue and had lower visuospatial

memory scores than those with normal P300 response.

Abnormally low P300 amplitude was associated with lower

peripheral gray matter volume and was correlated only with

normalized frontal horn width and normalized brain volume,

after adjusting for age and education. The moderating role of

brain reserve was also documented.

Conclusions: P300 event-related potential was related to both

linear and volumetric MRI markers. Future studies should

expand these results in other disease types and longitudinally.

Event-related potentials could serve as an ancillary tool for

cognitive assessment in multiple sclerosis.

Key Words: Multiple sclerosis, P300, Event-related potential,

MRI, Cognitive.SDCT
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Cognitive impairment (CI) in multiple sclerosis (MS) is

reported in 26% to 56% of patients.1 Cognitive impairment

is apparent in the early stages of MS and worsens with disease

progression.2 The cognitive components mostly affected are

information processing speed, working memory, complex

attention, executive functions, verbal fluency and verbal and

visuospatial learning, and memory.2 More importantly, CI has

been attested as a robust predictor for conversion to clinically

definite MS, disability accumulation, progression to secondary

progressive MS, treatment compliance, depression, low quality

of sleep, unemployment, and low quality of life.2

The variability of CI prevalence and phenotype in MS can

be largely attributed to the different subgroups of patients

enrolled, the different psychometric tests, and the different CI

definitions used in studies.1 An important limitation of the

neuropsychological testing (NPT) is that it is easily biased by

the physical disability of patients (e.g., reduced visual acuity,

poor fine motor ability) because it requires well-functioning

senses (e.g., visual, auditory) and apt motor behavioral responses

(e.g., writing, speaking, drawing).

In the context of these NPT limitations, volumetric MRI has

come to provide some interesting associations with CI. Indeed,

increased total brain volume loss (i.e., more than 0.5% to 1.5%

annual loss) or regional brain volume loss (e.g., peripheral gray

matter, hippocampus, and particularly thalamus), and high white and

gray lesion volume have all been related to CI.3–8 However,

volumetric MRI as a surrogate marker for CI is still in its infancy

and alongside with its high cost and low availability, is not yet

intended for widespread clinical use. As such, in the quest of an easy,

robust, early, and global CI assessment, electrophysiological inves-

tigations with cognitive event-related potentials (ERPs) have claimed

a growing role both in MS research and in the clinical settings.

The P300 response (also known as P3 or P3b) is a positive

wave of the ERP maximally recorded over midline scalp sites

that peaks approximately 250 to 500 ms after a rare task-relevant

stimulus in the applied “oddball” paradigms, during which the

individual is asked to behaviorally (i.e., pressing a button) react

to a rare visual or auditory stimulus presented in pseudo-random

order among other frequent stimuli.9 This ERP mainly serves as

a surrogate electrophysiological biomarker of attention, working

memory, processing speed, and execution, and, most impor-

tantly, it can be detected even in the absence of behavioral

responding.9,10 The neural generators of P300 response have not

yet been fully delineated in studies, but it seems that it implicates

widespread areas throughout the brain surface and it is highly

preserved even after significant brain damage.10 However, there

are some regions that are critical checkpoints of the P300-related

neural network: the temporoparietal region (particularly the

supramarginal gyrus), the inferior parietal lobe, the lateral

prefrontal areas, and the cingulate.10,11 Similarly, the neurotrans-

mitter systems underlying P300 are still unclear, albeit both

dopaminergic and norepinephrine activities have been implicated
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in the frontal goal-directed attention/working memory and

temporal–parietal stimulus-dependent attention, respectively.11

The role of the cholinergic system in the frontal focal goal-

directed attention/working memory has also been highlighted12

and strongly advocated by studies showing abnormal P300

responses in patients with Alzheimer disease.13

There is much evidence confirming that P300 amplitude is

reduced and its latency is increased in the presence of CI. With

regards to MS, there are 38 published studies on the matter since

1989 (only some of them are referenced in this article). In a nutshell,

results are consistent with reduced P300 amplitude and/or pro-

longed P300 latency and/or prolonged reaction time (RT) to the

target stimulus in up to 75% of MS patients.14–21 Importantly, these

P300 changes are independent of isolated physical disabilities, such

as optic neuritis, indicating the ability of ERP to reflect “covert”

cognitive processing.14 Discrepancies between studies can be

attributed to different electrophysiological methods (e.g., auditory

or visual P300), different subgroups of patients, selection of control

subjects, etc. P300 abnormalities have been documented more often

in patients with progressive types of MS in comparison with

patients with relapsing–remitting multiple sclerosis (RRMS),15,20,22

although they can be detected even in patients with benign MS23,24

or clinically isolated syndrome.25 Longitudinal studies indicated

worsening of the P300 parameters with time, along with the dete-

riorating cognitive function and a possible buffering effect of drugs

such as IFNb-1b, modafinil, and methylprednisolone.26–28

Few studies have explored the association between P300

response and MRI findings in MS. In the most recent one,

Kimiskidis et al.17 showed that P300 latency was significantly

predicted by T1 lesion load (“black holes”) but not by T2 lesion load

and brain atrophy assessed with two-dimensional non-automated

measures (i.e., third ventricle width, corpus callosum [cc] area). In

another longitudinal study by Piras et al.,14 auditory P300 latency

was significantly associated with frontal horn and brainstem lesions

assessed by a semiquantitative dimension-dependent method. Two

older studies using relative small samples and simple MRI assess-

ments further supported the link between lesion load and P300

abnormalities.21,29 However, in a study by Sailer et al.,30 no

significant P300 differences among patients with low, high, and

frontal lesion volume and control subjects were reported.

The main purpose of the present study was to explore the

association between different MRI biomarkers and P300 ERP

characteristics in MS. For this reason, we compared a set of both

two-dimensional nonautomated MRI indices (2D-MRI) and

volumetric fully automated MRI indices (3D-MRI) against visual

P300 ERP amplitude and latency in a sample of RRMS patients.

Also, ERP and NPT evaluations were performed in MS patients

and matched healthy controls (HCs). Secondary aims of this

study included exploratory group comparisons with respect to

ERP and NPT and between ERP and NPT assessments.

METHODS

Subjects
In this cross-sectional study, we invited 58 RRMS patients

attending their follow-up outpatient visits in Aeginition and

Army Share Fund Hospital (NIMTS) to participate in the study.

The inclusion criteria were the following: (1) diagnosis of MS

based on the revised 2010 McDonald criteria, (2) being older

than 18 years, (3) fluency in Greek language, (4) Expanded

Disability Status Scale below 6.0, and (5) ability to give written

informed consent.31,32 The exclusion criteria were the following:

(1) major psychiatric disease (e.g., schizophrenia, drug and

substance abuse) or learning disability, (2) serious auditory or

visual or other impairment that would affect the ability of

subjects to understand and perform assessments, and (3) relapse

and/or corticosteroid use within 1 month preceding the study

assessments. A group of 51 healthy volunteers recruited from the

hospital environment by direct inquiry matched through age and

gender (as soon as age and gender data were available for the MS

sample) served as HCs. The study was approved by the

Hospitals’ (Aeginition and Army Share Fund Hospitals) Ethics

Committees, and an informed consent was obtained from each

participant. The study was performed in accordance with the

good clinical practices and the Declaration of Helsinki.

Patient data included age, gender, education, working status,

handedness, disease duration, number of relapses from onset,

drugs, and disability assessed with the Expanded Disability

Status Scale.32

Neuropsychological Testing
Patients and HCs were screened for their cognitive perfor-

mance using the brief international cognitive assessment for MS,

a brief 15-minute screening tool comprised of the Symbol Digits

Modalities Test (SDMT), the California Verbal Learning Test II

(CVLT-II), and the Brief Visuospatial Memory TestdRevised

(BVMT-R).33 Brief international cognitive assessment for MS

has been recommended by consensus committee of neurologists

and neuropsychologists; it is validated in many countries and has

been extensively used in MS studies.33 The tool has been also

validated in Greece.34 The SDMT assesses attention and

information processing speed by asking the participant to voice

the digit associated with each symbol presented in pseudo-

random sequence of nine different symbols (after first presenting

a series of nine symbols paired with a single digit each) as

quickly as possible within 90 seconds. Score was derived by

adding correct matchings within this period. The CVLT-II is

a measure of verbal learning and memory testing the ability of

participants to learn and recall 16 words over the course of five

trials (theoretical range of score, 0–80). Finally, BVMT-R

evaluates visuospatial learning and memory by exposing the

participants to a matrix of six simple designs for 10 seconds

followed by an unaided drawing recall, repeated three times.

Accuracy and location of each design were scored in each trial

(theoretical range of score, 0–36). A total cognitive score was

calculated, based on the mean z scores of the three cognitive

domains of brief international cognitive assessment for MS.

Psychological Assessments and Fatigue
Depression, anxiety, and stress were measured using the

Depression Anxiety Stress 21-item Scale. The responders declare

the frequency of their symptoms in a Likert-type scale (from 0 ¼

did not apply to me at all to 3 ¼ applied to me very much, or
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most of the time) during the past week. Scores for each subscale,

each comprised by seven items, were produced by summing up

all items and multiplying by two (minimum score ¼ 0 and

maximum score ¼ 42). Higher scores indicate higher level of

depression, anxiety, or stress. The scale has been adapted in the

Greek population.35 In our study, internal consistency was

acceptable (Cronbach a: stress ¼ 0.84, anxiety ¼ 0.79, and

depression ¼ 0.84).

Visual analogue scales for physical, cognitive, and mental

fatigue were completed by the participants. Each participant

declared his/her level of fatigue during the last week by drawing

a single point in a 10-cm line (from 0 ¼ no fatigue to 10 ¼ very

much fatigue). Scores were derived by measuring the distance

(in mm) from 0 to the point indicated. Visual analogue scales for

fatigue have been previously found reliable in MS patients.36

Electrophysiological Assessment (Acquisition of

P300 or P3b)
A visual oddball stimulus paradigm was applied using

a Micromed electroencephalography machine and BQ Evoke

software, according to published ERP guidelines.9 Frequent

visual stimuli were white–black 8 · F8 checkerboards (16 ·

24 mm), and rare stimuli were red–black 8 · 8 checkerboards

(16 · 24 mm), both lasting 100 ms in a screen located 70 cm

from the person at eye level. Each trial consisted of 50 rare and

250 frequent stimuli presented binocularly in pseudo-random

order (frequent/rare ratio of 5:1). Two trials for each participant

were performed. The inter-stimulus interval was 2000 ms.

Participants were asked to press a button as soon as the rare

(“target”) stimuli appeared. Responses beyond 700 ms after

target stimuli were excluded. Testing required approximately

1 hour and was done between mid-morning and late afternoon

(9 AM to 3 PM), time during which participants would be most

alert. The subjects seated comfortably on a chair, in a dimly lit,

sound-protected room. Ag-AgCl electrodes (Fz, Cz, Pz, Fpz, A1,

A2) affixed with paste were placed on the scalp using the

international 10/20 system. Impedance was kept less than 5 KU.

Signals were digitized at 285 Hz and amplified by 1:20,000. The

filter bandpass was 0.01 to 35 Hz. Additional artifact rejection

was kept on 650 mV. Potentials at Fz, Cz, and Pz referred to

linked ears (A1/A2) for each trial were averaged offline.

Segmented averaged epochs started 150 ms before rare stimulus

appearance and ended 900 ms after. Valid trials had at least 36

artifact-free epochs. In case of a nonvalid trial, the examination

was repeated so as every participant had two valid trials. The

P300 was identified as the highest positive peak 280 to 420 ms

after the rare stimuli, and N200 was identified as the most

prominent negativity between P200 and P300 at about 200 ms

after rare stimuli. Amplitude was calculated as the peak-to-peak

N200–P300 distance (in mV). In case of a double peak, the

highest one was used. Latency (ms) was defined as the time

between rare stimuli and P300 peak. In case of double peak, an

imaginary intersection line linking the two peaks was used. The

RT for pressing the button press after the target stimuli was also

recorded. Average values for P300 amplitudes, latencies, and

RTs of the two trials, for each electrode (Fz, Cz, Pz) and for all

the electrodes (i.e., grand mean), in each participant were used in

the analysis. All participants were able to perceive the experi-

mental stimuli without difficulty and were able to correctly

perform the tasks. There were five left-handed participants (two

patients and three HCs). The ERP testing took place at the same

day after NPT. Abnormal P300 was defined as deficits in the

grand mean amplitude and/or latency at the level of below (for

amplitude) or above (for latency) 1.65 SDs (representing the

lowest 5% of scores) in standardized normative education

adjusted data of 51 healthy volunteers because education was

different between group studies (Table 1).

MRI Acquisition and Analysis
Conventional MRI scans acquired within the last 6 months

before the study assessment were available for 48 RRMS

patients. All brain MRIs were performed at 3.0-T devices in

multiple centers using the same acquisition MRI protocol:

T1-weighted 3-dimensional high-resolution magnetization-pre-

pared rapid acquisition with gradient echo sequence, axial

T2-weighted fluid-attenuated inversion recovery sequence, and

axial proton density–weighted images. All scans were examined

by an experienced observer.

On fluid-attenuated inversion recovery images, lesions were

identified and quantified (white matter lesion volume) using

a semiautomated local threshold technique as part of the Medical

Images Processing Analysis and Visualization software (https://

mipav.cit.nih.gov/).

A set of two-dimensional linear manual methods of MRI

assessments were used: third ventricle volume and width,

bicaudate ratio, CC index, frontal horn width, and transverse

skull diameter (TSD), which is the minimum distance separat-

ing the inner tables of the skull at the level of the most rostral

portion of the frontal horns.37–40 Third ventricle volume

(in mm3) was calculated by multiplying three different dimen-

sions of the third ventricle recognized in the T1-weighted

TABLE 1. Demographic and Clinical Characteristics of 58

Relapsing–Remitting Multiple Sclerosis Patients and 51 Healthy

Controls Included in the Study

RRMS HCs P

Age (years) 41.5 6 10.5 (21–67) 38.7 6 9.2 (20–57) 0.12*

Women 41 (70.7) 41 (80.4) 0.34†

Tertiary education 44 (75.9) 47 (92.2) 0.04†

Disease durations

(months)

139.7 6 84.9 (16–324) – –

Number of relapses

from onset

7 6 8 (1–44) – –

EDSS 2.2 6 1.8 (0–6) – –

Immunomodulatory

treatment

48 (82.8) – –

Symptomatic drugs 23 (39.7) – –

Values in the table represent mean values 6 SDs (minimum–maximum) and

absolute and relative frequencies (%) within each study group.

Significant differences (P # 0.05) have been highlighted as bold.

*Student t-test.

†Chi-square test (Yates correction).

EDSS, Expanded Disability Status Scale; HCs, healthy controls; RRMS, relapsing–

remitting multiple sclerosis.
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images; lamina terminalis–posterior commissure line, highest

curvature of the inferior surface of fornix to upper surface of

the mammillary body line, and a line perpendicular to the

interhemispheric fissure at midpoint of the third ventricle (third

ventricle width). Normalized values were also calculated

(NTVV ¼ third ventricle volume/TSD and NTVW ¼ third

ventricle width/TSD). The bicaudate ratio was the minimum

intercaudate distance divided by brain width along the same line.

The bicaudate ratio was measured in the fluid-attenuated

inversion recovery axial slice where the heads of the caudate

nuclei were most visible and closest to one another. Normalized

intercaudate distance was also calculated (NICD ¼ intercaudate

distance/TSD). Corpus callosum index was obtained by drawing

a straight line at greatest anteroposterior diameter of CC and

a perpendicular at its midline. Anterior, posterior, and medium

segments of CC were measured and normalized to its greatest

anteroposterior diameter. The frontal horn width (in mm) was

defined as the maximal distance between the lateral borders of

the frontal horns of the lateral ventricles and was normalized

frontal horn width (NFHW) with the TSD (NFHW ¼ frontal

horn width/TSD).

Volumetric analyses of the brain were also conducted

using axial 3D high-resolution magnetization-prepared rapid

acquisition with gradient echo images and FMRI Software

Library .41 Brain tissue volume, normalized for subject head

size, was estimated with SIENAX. SIENAX starts by extract-

ing brain and skull images from the single whole-head input

data.42 The brain image is then affine registered to MNI152 (or

Talairach) space (a reference brain map obtained from 152

healthy individuals) using the skull image to determine the

registration scaling; this is primarily to obtain the volumetric

scaling factor, to be used as a normalization for head size.43

Next, tissue-type segmentation with partial volume estimation

is carried out to calculate normalized volumes for total

normalized brain volume (NBV), gray matter volume, periph-

eral gray matter volume, and white matter volume.44 For

regional brain volume calculations, we used FMRIB’s FIRST

software, a model-based segmentation/registration tool.45 The

shape/appearance models used in FIRST are constructed from

manually segmented images provided by the Center for

Morphometric Analysis (CMA), MGH, Boston, MA. The

manual labels are parameterized as surface meshes and

modeled as a point distribution model. Deformable surfaces

are used to automatically parameterize the volumetric labels in

meshes; the deformable surfaces are constrained to preserve

vertex correspondence across the training data. Furthermore,

normalized intensities along the surface normals are sampled

and modeled. The shape and appearance model is based on

multivariate Gaussian assumptions. Shape is then expressed as

a mean with modes of variation (principal components). Based

on our learned models, FIRST searches through linear

combinations of shape modes of variation for the most

probable shape instance, given the observed intensities in

a T1-weighted image. Normalized volumes for caudate

nucleus, putamen, globus pallidum, thalamus, accumbens

nucleus, amygdala, and hippocampus were obtained by

multiplying the estimated volumes by the scaling factors

derived from SIENAX.

Statistical Analyses
Descriptive statistics were presented using mean values,

SDs, and minimum, maximum, absolute, and relative frequen-

cies. Table 1 and Supplemental Digital Content 1 (see Table

S2, http://links.lww.com/JCNP/A28) present the main demo-

graphic and clinical data of our sample along with group

comparisons. Group comparisons were made using Student t-test

for numerical data and x2 test (with Yates correction for 2 · 2

tables, or Fisher exact tests) for categorical data. In case of small

numbers of participants in groups (i.e., lower than 30), or

violation of normality (evaluated through Q–Q plots), Mann–

Whitney U nonparametric test was used. In case of multiple

group comparisons, Bonferroni correction for the level of sig-

nificance was used (corrected significance ¼ 0.05/number of

comparisons). Tables 2 and 3 and Supplemental Digital Con-

tent 2 (see Table S1, http://links.lww.com/JCNP/A27) present

group differences with respect to P300 and NPT and the direct

association between P300 and NPT, respectively. For the com-

parison between HCs and MS patients, analysis of covariance

was performed after adjusting for the group · education inter-

action because education differed between HCs and MS patients

at baseline (Tables 2 and 3). Sidak post-hoc tests were presented.

Correlations between numerical data were performed using

Pearson correlation rho (bivariate if controlling for confounders)

(see Table S1, Supplemental Digital Content 2, http://links.

lww.com/JCNP/A27). To address the main aim of this study,

which is the ERP-MRI association, a 2-fold strategy was used.

First, simple univariate group comparisons (MS with normal

P300 vs. MS with abnormal P300, MS with normal P300

amplitude vs. MS with abnormal P300 amplitude and MS with

normal P300 latency vs. MS with abnormal P300 latency) were

made using nonparametric tests. For the sake of brevity, only

significant results are presented in Table 4 (negative results

presented in Tables S3 and S4, Supplemental Digital Content

3 and 4, http://links.lww.com/JCNP/A29 and http://links.lww.

com/JCNP/A30). Second, to assess MRI determinants of P300

characteristics, stepwise hierarchical linear regression models

were conducted. In the first step, confounders were entered

TABLE 2. P300 Amplitude (mV) and Latency (ms) Measurements

of 58 Relapsing–Remitting Multiple Sclerosis Patients and 51

Healthy Controls Included in the Study

RRMS HCs P*

P300 amplitude 6.75 6 4.44 9.4 6 3.11 0.01

P300 latency 345.31 6 39.42 310.87 6 16.6 0.001

Fz P300 amplitude 7.45 6 4.49 9.95 6 3.52 0.02

Fz P300 latency 347.08 6 40.75 311.24 6 16.36 0.001

Cz P300 amplitude 7.33 6 4.79 9.91 6 3.5 0.007

Cz P300 latency 345.19 6 39.45 310.94 6 16.66 0.001

Pz P300 amplitude 5.45 6 4.57 8.33 6 3.4 0.026

Pz P300 latency 343.67 6 38.91 310.43 6 17.15 0.001

Reaction time (ms) 395.24 6 54.89 355.52 6 28.65 0.02

Values in the table represent observed mean vlaues 6 SDs.

Significant differences (P # 0.05) have been highlighted as bold.

*Analysis of covariance with group, education and group · education interaction as

independent covariates.

HCs, healthy controls; RRMS, relapsing–remitting multiple sclerosis.
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(i.e., age and education). In the second step, each MRI parameter

was entered separately and for each P300 characteristic as

dependent variable (Fz, Cz, Pz, and total amplitudes and

latencies). Standardized beta coefficients and R2 changes were

presented. For the sake of brevity, only significant results are

presented (Table 5). The moderating role of brain reserve (via

scaling factor) was assessed by entering the interaction term

scaling factor · MRI parameter (see Table S5, Supplemental

Digital Content 5, http://links.lww.com/JCNP/A31). Significant

interaction denoted a moderating role of the scaling factor. Level

of significance was set at 0.05. All analyses were performed

using SPSS v22.0 for Windows (Chicago, IL).

RESULTS

Demographic Variables
There were no significant differences between RRMS

patients and control subjects, except for education with higher

number of HCs being of tertiary level (P ¼ 0.04) (Table 1). With

regards to clinical characteristics, RRMS patients suffered from

the disease approximately 11 years (mean ¼ 139.7 months) and

had mild-to-moderate disability (median Expanded Disability

Status Scale ¼ 1.5). Most (82.8%) were on immunomodulatory

treatment, mainly fingolimod (29.3%) and subcutaneous IFNb-1a

(20.7%). Some patients (39.7%) were receiving symptomatic

treatment, such as baclofen, tizanidine, amantadine, etc.

P300 ERP Evaluations and Correlations With

Cognitive Assessments
Patients had significantly more prolonged P300 latencies

and RTs and lower P300 amplitudes than HCs (Table 2). Based

on the education-adjusted 5% cut-off of the P300 amplitude and

latency grand means in HCs, 39 (67.2%) of RRMS were

identified with abnormal P300. Ten patients had both abnormal

amplitude and latency, 21 patients had only abnormal latency,

and 8 only abnormal amplitude.

P300 amplitudes were significantly positively correlated

with all cognitive scores, and P300 latencies were significantly

negatively correlated with all cognitive scores, except for

TABLE 4. Significant MRI Differences Between Relapsing–Remitting Multiple Sclerosis Patients With Normal and Abnormal P300 Amplitude

Normal P300 Amplitude (N ¼ 40) Abnormal P300 Amplitude (N ¼ 18) P*

NGMV 660.95 6 125.48 586.21 6 96.75 0.021

NPGMV 516.75 6 103.08 458.28 6 91.52 0.021

Values in the table represent mean values 6 SDs.

Significant differences (P # 0.05) have been highlighted as bold.

*Mann–Whitney U test.

NGMV, normalized gray matter volume; NPGMV, normalized peripheral gray matter volume.

TABLE 3. Cognitive Score Differences Between 58 Relapsing–Remitting Multiple Sclerosis Patients (19 With and 39 Without Abnormal

P300) and 51 Healthy Controls

HCs RRMS RRMS, Normal P300 RRMS, Abnormal P300 P*,†

SDMT 60 6 10.1 46.3 6 15 47.16 6 15.4 45.9 6 14.9 a. 0.004

b. 0.007

c. ,0.0001

d. 0.896

CVLT-II 65.5 6 7.3 57.4 6 13 60.8 6 10.7 55.7 6 13.8 a. 0.136

b. 0.601

c. 0.001

d. 0.193

BVMT-R 30.6 6 5.2 23.7 6 8.4 28.7 6 5.6 21.3 6 8.5 a. 0.035

b. 0.808

c. ,0.0001

d. 0.001

Total cognitive score 0.44 6 0.58 20.46 6 0.99 20.08 6 0.76 20.64 6 1.04 a. 0.01

b. 0.151

c. ,0.0001

d. 0.029

Values in the table represent means 6 SDs.

Significant differences (P # 0.05) have been highlighted as bold.

*Comparisons: a. HCs versus RRMS, b. HCs versus RRMS-normal P300, c. HCs versus RRMS-abnormal P300, d. RRMS-normal P300 versus RRMS-abnormal P300.

†Analysis of covariance with group, education and group · education interaction as independent covariates. Sidak post-hoc test was used for b, c, and d comparisons.

BVMT-R, Brief Visuospatial Memory TestdRevised; CVLT-II, California Verbal Learning Test II; HCs, healthy controls; RRMS, relapsing–remitting multiple sclerosis; SDMT,

symbol digit modality test.
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CVLT-II (see Table S1, Supplemental Digital Content 1, http://

links.lww.com/JCNP/A27). Group comparisons for the demo-

graphic and clinical evaluations can be found in Supplemental

Digital Content 2 (see Table S2, http://links.lww.com/

JCNP/A28).

There were significantly more HCs of tertiary education and

employed than RRMS patients and RRMS patients with

abnormal P300, respectively. Also, RRMS patients with abnor-

mal P300 were significantly more disabled and physically

fatigued than RRMS patient with normal P300. Interestingly,

patients with abnormal P300 reported significantly less cognitive

fatigue than HCs. No significant differences were found between

ERP groups with respect to age, gender, education, employment,

disease duration, relapses, treatment (disease modifying treat-

ment or symptomatic), mood, cognition, and mental fatigue.

Group Comparisons for the Neuropsychological and

Imaging Evaluations
Total cognitive score was significantly lower in RRMS

patients compared with HCs, attributed mainly to the significant

difference between HCs and RRMS patients with abnormal P300

because the latter had also significantly lower scores than RRMS

patients with normal P300 (Table 3). This pattern of group

differences was similar especially for visuospatial memory

(BVMT-R). The SDMT scores were significantly lower in the

RRMS patients compared with HCs, irrespective of P300 status.

Finally, CVLT-II score was significantly lower only in RRMS

with abnormal P300 compared with HCs.

There were no significant differences between P300 groups

and MRI 2D and 3D biomarkers (see Tables S3 and S4,

Supplemental Digital Content 3 and 4, http://links.lww.com/

JCNP/A29, and http://links.lww.com/JCNP/A30). After repeat-

ing the analysis separately for patients with normal or abnormal

latencies and normal or abnormal amplitudes, it was found that

patients with abnormally low P300 amplitude had significantly

lower normalized gray matter volume and normalized peripheral

gray matter volume (only significant results are presented in

Table 4).

Regression Models Examining MRI Determinants of

P300 Characteristics
Table 5 presents only the significant MRI determinants of

P300 after adjusting for age and education. Normalized brain

volume was a found to be a potent predictor of Fz, Cz, and total

P300 amplitude, with higher volumes associated with higher

P300 amplitudes. Normalized frontal horn width was also

significantly negatively associated with Fz and total P300

amplitude. Normalized brain volume and NFHW were kept

significant even after adjusting for Expanded Disability Status

Scale and physical fatigue, which were found to be different

between P300 groups (see Table S2, Supplemental Digital

Content 2, http://links.lww.com/JCNP/A28).

To assess the putative moderating role of brain reserve to the

above significant associations, we reanalyzed the data only for

total P300 amplitude after instituting the interaction term of the

scaling factor with either NBV or NFHW (see Table S5,

Supplemental Digital Content 5, http://links.lww.com/JCNP/

A31). In these new models, education (which is a marker for

cognitive reserve) was substituted by gender because the scaling

factor was found to be significantly different (men: 1.22 6 0.13,

women: 1.36 6 0.24, P ¼ 0.005). Results showed a significant

scaling factor · NFHW interaction (DR2 ¼ 0.229, standardized

beta ¼ 24.4, P ¼ 0.038), revealing that in patients with higher

scaling factor (i.e., lower brain reserve), higher NFHW was

associated with lower P300 amplitude. Brain reserve was not

a significant moderator of the NBV-P300 amplitude relationship,

perhaps because NBV uses the scaling factor to be normalized.

DISCUSSION
This study aimed at exploring P300 cognitive ERPS in

RRMS patients and, primarily, its association with multiple MRI

markers. First, RRMS patients had significantly lower P300

amplitude and more prolonged P300 latency and RTs, which is in

accordance with previous studies.14–21 Few studies, attempting to

separate MS patients into those with or without abnormal P300,

have come up with an abnormal P300 frequency of 50% to 75%

(67.2% in this study), using different definitions and cut-

offs.14,15,29,46 In this study, all P300 characteristics were

significantly associated with cognitive scores, which validates

this ERP as a surrogate marker of cognitive function. However,

P300 latencies were not correlated with CVLT-II scores. This

could be attributed to the fact that P300 latency mostly reflects

cognitive speed processing, and CVLT-II procedure, unlike

SDMT and BVMT-R, does not impose time constrictions to

the responders.10,11

We also found that there were significantly more RRMS

patients with abnormal P300 unemployed compared with HCs,

TABLE 5. Multivariate Linear Regression Models Presenting Significant MRI Determinants of P300 After Adjusting for Age and Education in

Relapsing–Remitting Multiple Sclerosis Patients

Step 1 (Age, Education) (R2 %) Stage 2 (sbeta; R2 Change %) Total R2 % P

Fz amplitude 2.7 NFHW (20.362; 9.8) 12.5 0.038

Fz amplitude 2.7 NBV (0.355; 11.1) 13.8 0.031

Cz amplitude 3.7 NBV (0.345; 10.4) 14.1 0.036

P300 amplitude 2 NFHW (20.342; 8.8) 10.8 0.05

P300 amplitude 2.4 NBV (0.330; 9.5) 11.9 0.047

Significant differences (P # 0.05) have been highlighted as bold.

NBV, normalized brain volume; NFHW, normalized frontal horn width; sbeta, standardized beta.
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which is a new finding. However, this is analogous to the

established fact that CI results in greater unemployment in MS

patients.2 Also, RRMS patients with abnormal P300 were

significantly more disabled and physically fatigued than RRMS

patients with normal P300, which has been previously well-

documented.20,25,27,47 Presumably, like CI, P300 ERP, as

a surrogate electrophysiological marker of brain functioning,

reflects diverse pathogenic changes in the MS brain (e.g., brain

atrophy, disruption of critical neural networks subserving

sensorimotor function) phenotypically expressed by various

levels of disability and fatigue. Interestingly, patients with

normal P300 reported significantly less cognitive fatigue than

HCs, although documented with lower cognitive scores. Previous

study has showed that there is a low concordance rate between

patients and informants about the formers’ cognitive function,

with a patients’ tendency to overrate their cognitive ability.48

Another study finding was that after adjusting for education,

SDMT discriminated HCs from MS patients, CVLT-II distin-

guished HCs from MS patients with abnormal P300, and BVMT-

R separated both HCs from MS patients and MS patients with

abnormal P300 from MS patients with normal P300. In other

words, visuospatial memory was a sensitive marker for P300

abnormality, followed by verbal memory and cognitive speed

processing. This could be accounted by the degree of similarity

of the neural networks engaged in P300 oddball paradigm and

the aforementioned cognitive functions. Visuospatial memory

engages a broad occipital–parietal–frontal activation, which bears

notable resemblance with the P300 network comprising mainly

of the temporoparietal region (particularly the supramarginal

gyrus), the inferior parietal lobe, the lateral prefrontal areas, and

the cingulate.10,11,49 Verbal memory is mostly served by fron-

totemporal networks with little or no participation of the parietal

lobe, which is particularly important for P300 elicitation.50

However, processing speed assessed by SDMT reflects mainly

the integrity of subcortical white matter connections between the

brainstem and the frontal lobes–basal ganglia responsible for

attention and execution, which have the fewer similarity with the

P300 neural network.51 However, because MS is mainly a white

matter disease, SDMT is particularly potent at distinguishing MS

patients from HCs, as in our study.

Our study showed no association between P300 status and

all MRI assessments. However, when “abnormality” only for

P300 amplitude or latency was taken into account, patients with

“abnormally” low P300 amplitude had significantly decreased

NGM and NPGM volumes than patients with “normal” ampli-

tudes. In the regression models, NBV and NFHW were found to

be significant predictors of P300 amplitude (especially recorded

in the more frontal electrodes). In a previous study, T1 “black

holes” volume was associated with auditory P300 latency and not

T2 lesion volume, which is in accordance with this study.17 In

another longitudinal study by Piras et al.,14 auditory P300 latency

was significantly associated with frontal horn and brainstem

lesions assessed by a semiquantitative dimension-dependent

method. In this study, we did not apply topographical calculation

of LV. However, the significant contribution found for NFHW

may further strengthen the role of frontal lobe abnormalities in

P300 ERP. Two old studies, in small samples, supported the link

between lesion load and P300 abnormalities; however, they used

crude MRI assessments (e.g., Vanderbilt grading system and

Ormerod method), thus no direct comparison can be made.21,29

It should be noted that in this study, P300 amplitude was

calculated by the N200–P300 peak-to-peak distance in mV and

not as the P300 amplitude from the corrected baseline. The N200

and P300 components both reflect higher-order information

processing, thus instead of evaluating them separately, we chose

to integrate N200 in the P300 amplitude measurement.10,11 In

general, the P300 amplitude reflects the amount of available

attentional reserve for working memory, and the P300 latency is

a marker of cognitive processing speed serving working memory

and executive functions.10,11 Thus, P300 amplitude and latency

would most likely reflect the integrity of gray matter and white

matter, respectively. Indeed, in this study, we showed that gray

matter, especially peripheral gray matter (included in the total

gray matter volume), is important for P300 amplitude “abnor-

mality.” After adjusting for age and education, NBV and NFHW

emerged as significant predictors of P300 amplitude values. The

availability of MRI assessments in HCs would further elucidate

the role of MRI markers in P300. However, based on the

different statistical approaches used to obtain these results only in

MS patients, it can be deduced that while total brain volume and

especially frontal lobe volume determines the magnitude of P300

ERP, it is the peripheral gray matter volume that determines the

critical point where abnormally low P300 amplitude is docu-

mented. However, LV was not associated with P300 latency, as it

would be expected. Sampling issues could account for this

negative result. Larger samples and/or inclusion of patients with

progressive MS would be more potent to reveal a significant

association. Finally, a topographical calculation of LV could also

be of most significance, as discussed above.14

Finally, although this was not the primary aim of this study,

brain reserve (as assessed by the scaling factor) was found to be

a moderator of the NFHW-P300 amplitude relationship. To our

knowledge, this is the first time that brain reserve is associated

with P300 and MRI. Previous studies have attested the protective

role of high brain reserve for brain atrophy and CI in MS.52,53

This study had several limitations. First, the cross-sectional

design does not allow etiological inferences. Second, there were

no available MRIs for HCs that would permit a better assessment

of the role of MRI markers in P300 characteristics. To obviate

this limitation, we divided MS patients in those with and those

without abnormal P300, and we searched for significant MRI

markers. However, this approach did not solve the bias of using

only MS patients in the multivariate regression models to

ascertain MRI determinants for P300 amplitude and P300

latency. Third, although the acquisition MRI protocol was the

same for all patients, MRIs were performed in different centers,

which could always introduce some systematic bias in the results

of this study. Moreover, MS sample consisted only of RRMS

patients, thus the results cannot be generalized to progressive

types of the disease. However, we think that the inclusion of

progressive MS patients would make the interpretation of the

results more cumbersome because it is well documented that

different pathogenetic mechanisms (i.e., neurodegeneration

rather neuroinflammation) predominate in this type of MS.54

Finally, although ERPs were elicited using the same time and

space conditions and statistical adjustments were made for major
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confounders (e.g., age and education), there could always be

hidden confounders (e.g., personality, genetic polymorphisms)

that was impossible to assess.9,55

In conclusion, the main findings of this study were (1) P300

was strongly associated with brief international cognitive assess-

ment for MS, (2) RRMS patients had significantly lower P300

amplitude and more prolonged P300 latencies and RTs than HCs,

(3) RRMS patients with “abnormal” P300 had greater disability

and physical fatigue and were more likely to score lower in

visuospatial memory test (BVMT-R) than RRMS patients with

“normal” P300 response, (4) RRMS patients with abnormally

low P300 amplitude had lower peripheral gray matter volume

than patients with normal P300 amplitude, and (5) NBV and

NFHW predicted P300 amplitude in MS patients with NFHW-

P300 amplitude relationship moderated by brain reserve. Future

studies should verify and expand these results by examining

different types of MS patients and longitudinally during disease

progression.
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A B S T R A C T

Background: Cognitive impairment (CI) has been associated with numerous magnetic resonance imaging (MRI)
indices in multiple sclerosis (MS) patients. In this study we investigated the association of a large set of 2D and
3D MRI markers with cognitive function in MS.
Methods: A sample of 61 RRMS patients (mean age 41.8±10.6 years old, 44 women, mean disease duration
137.9±83.9 months) along with 51 age and gender matched healthy controls was used in this cross-sectional
study. Neuropsychological and other tests, along with a large set of 2D/3D MRI evaluations were made.
Results: 44.3% of patients had CI. CI patients had more disability, physical fatigue than non-CI patients and more
psychological distress than non-CI patients and HCs. Also, CI patients had significantly larger third ventricle
width and volume, smaller coprus callosum index and larger lesion volume than non-CI patients. These MRI
markers also significantly predicted cognitive scores after adjusting for age and education, explaining about
30.6% of the variance of the total cognitive score.
Conclusions: Selected linear and volumetric MRI indices predict cognitive function in MS. Future studies should
expand these results by exploring longitudinal changes and producing normative data.

1. Introduction

Cognitive impairment (CI) is found in 26–56% of multiple sclerosis
(MS) patients, even in the early stages of the disease (Chiaravalloti and
DeLuca, 2008; Fischer et al., 2014). The cognitive domains mostly af-
fected are information processing speed, working memory, complex
attention, executive functions, verbal fluency and verbal and visuos-
patial learning and memory (Chiaravalloti and DeLuca, 2008). Im-
portantly, CI has been attested as a robust predictor for conversion to
clinically definite MS, disability accumulation, progression to sec-
ondary progressive MS, treatment compliance, depression, low quality
of sleep, unemployment and low quality of life (Chiaravalloti and
DeLuca, 2008). As such, CI monitoring has been now claiming a
growing role both in MS research and in the clinical settings.

In this context, quantitative magnetic resonance imaging (MRI)
assessments have been increasingly used to subserve neuropsycholo-
gical testing in evaluating cognitive function (Rovaris et al., 2006).
Volumetric MRI seems to reliably reflect pathogenetic processes such as
neuroinflammation and neurodegeneration in MS (Lanz et al., 2007).
Most importantly, MS patients have been found to lose about 0.5–1.5%
of their brain volume each year which has been related to concomitant
decline of their cognitive ability (Vollmer et al., 2016). Various studies

using both linear non-automated two-dimensional and volumetric au-
tomated tree-dimensional MRI markers have provided useful MRI as-
sociations with cognitive function in MS (Rocca et al., 2015). Two-di-
mensional MRI markers like third ventricle width (Benedict et al., 2006;
Sánchez et al., 2008), bicaudate ratio (Bermel et al., 2002), corpus
callosum surface (Bergendal et al., 2013) and corpus callosum index
(Yaldizli et al., 2014) have been related to cognitive impairment in MS.
With respect to volumetric MRI, the grey and white matter volume
(Sanfilipo et al., 2006), cortical lesions (Harrison et al., 2015), white
matter lesion volume (Mineev et al., 2009), peripheral grey matter
volume (Jonkman et al., 2015), subcortical structures' volume
(Damjanovic et al., 2016) such as thalamus (Bergsland et al., 2016),
hippocampus (Hulst et al., 2015), putamen (Debernard et al., 2015),
caudate nucleus (Batista et al., 2012) and cerebellum (Valentino et al.,
2009) and cingulate gyrus (Geisseler et al., 2016) have all been asso-
ciated with cognitive function in MS. So far, it is the normalized brain
volume and the lesion volume that are mainly investigated in clinical
trials as an important endpoint for brain atrophy. To our knowledge, no
study has examined simultaneously many two- and three-dimensional
MRI markers with respect to cognitive function in the same sample of
MS patients.

So, the primary aim of this study was to investigate the predictive
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ability of a large set of MRI structural markers for cognitive function in
the same sample of relapsing-remitting MS (RRMS) patients. Another
goal was to explore the differences between healthy controls (HCs) and
MS patients with and without CI, with regards to various disease-re-
lated and psychological characteristics.

2. Materials and methods

2.1. Subjects

In this cross-sectional study, we invited 61 RRMS patients attending
their follow-up outpatient visits in Aeginition and Army Share Fund
Hospital (NIMTS) to participate in the study. The inclusion criteria
were: (a) diagnosis of MS based on the revised 2010 McDonald criteria,
(b) being over 18 years old, (c) fluency in Greek language, (d) Expanded
Disability Status Scale (EDSS) below 6.0 and (e) ability to give written
informed consent (Kurtzke, 1983; Polman et al., 2011). The exclusion
criteria were the following: (a) major psychiatric disease (e.g. schizo-
phrenia, drug and substance abuse etc.) or learning disability, (b) ser-
ious auditory or visual or other impairment that would affect the sub-
ject's ability to understand and perform assessments and (c) relapse
and/or corticosteroid use within one month preceding the study as-
sessments. A group of 51 healthy volunteers matched through age and
gender served as HCs. The study was approved by the Hospitals' (Ae-
ginition and Army Share Fund Hospitals) Ethics Committees and an
informed consent was obtained from each participant. The study was
performed in accordance with the good clinical practices and the De-
claration of Helsinki.

Patient data included age, gender, education, working status, dis-
ease duration, number of relapses from onset, drugs and disability as-
sessed with the Expanded Disability Status Scale (EDSS) (Kurtzke,
1983).

2.2. Neuropsychological testing

Patients and HCs were screened for their cognitive performance
using the Brief International Cognitive Assessment for MS (BICAMS), a
brief 15-min screening tool comprised of the Symbol Digits Modalities
Test (SDMT), the California Verbal Learning Test II (CVLT-II) and the
Brief Visuospatial Memory Test Revised (BVMT-R) (Langdon et al.,
2012). The tool has been validated in Greece (Polychroniadou et al.,
2016). SDMT assesses attention and information processing speed by
asking the participant to voice the digit associated with each symbol
presented in pseudo-random sequence of nine different symbols (after
first presenting a series of nine symbols paired with a single digit each)
as quickly as possible within 90 s. Score was derived by adding correct
matchings within this time period. CVLT-II is a measure of verbal
learning and memory testing the participant's ability to learn and recall
16 words over the course of five trials (theoretical range of score 0–80).
Finally, BVMT-R evaluates visuospatial learning and memory by ex-
posing the participants to a matrix of six simple designs for 10 s fol-
lowed by an unaided drawing recall, repeated three times. Accuracy
and location of each design were scored in each trial (theoretical range
of score 0–36). A total cognitive score was calculated, based on the
mean z scores of the three cognitive domains of BICAMS. CI was defined
as deficits in at least one cognitive domain based on the lowest 5% cut-
offs derived by normative age, gender and education adjusted data (i.e.
using linear regression multivariate models for each cognitive score) of
207 available healthy volunteers.

2.3. Psychological assessments and Fatigue

Depression, anxiety and stress was measured using the Depression
Anxiety Stress 21-item Scale (DASS-21). The responders declare the
frequency of their symptoms in a Likert-type scale (from 0 = did not
apply to me at all to 3 = applied to me very much, or most of the time)

during the past week. Scores for each subscale each comprised by seven
items were produced by summing up all items and multiplying by two
(minimum score = 0, maximum score = 42). Higher scores indicate
higher level of depression, anxiety or stress. The scale has been adapted
in the Greek population (Lyrakos et al., 2011). In our study internal
consistency was excellent (Cronbach's alphas: stress = 0.84, anxiety =
0.79 and depression = 0.84).

Visual analogue scales for physical (VAS-PF), cognitive (VAS-CF)
and mental (VAS-MF) fatigue were completed by the participants. Each
participant declared his/her level of fatigue during the last week by
drawing a single point in a 10-cm line (from 0 no fatigue to 10 cm very
much fatigue). Scores were derived by measuring the distance (in mm)
from 0 to the point indicated. VAS scales for fatigue have been pre-
viously found reliable in MS patients (Kos et al., 2017).

2.4. MRI acquisition and analysis

Conventional MRI scans acquired within the last 6 months before
the study assessment were available for the RRMS patients. All brain
MRIs were performed at 3.0 T devices in multiple centers using the
same acquisition MRI protocol: T1-weighted 3D high resolution mag-
netization-prepared rapid acquisition with gradient echo (3D MP-
RAGE) sequence, axial T2-weighted fluid attenuated inversion recovery
(FLAIR) sequence and axial proton density-weighted images. All scans
were examined by an experienced observer.

On FLAIR images, lesions were identified and quantified (white
matter lesion volume, WMLV) using a semi-automated local threshold
technique as part of the Medical Images Processing Analysis and
Visualization (MIPAV) software (https://mipav.cit.nih.gov/).

A set of two-dimensional linear manual methods of MRI assessments
were used: third ventricle volume (TVV) and width (TVW), bicaudate
ratio (BCR), corpus callosum index (CCI), frontal horn width (FHW) and
transverse skull diameter (TSD) which is the minimum distance se-
parating the inner tables of the skull at the level of the most rostral
portion of the frontal horns (Bakshi et al., 2005; Butzkueven et al.,
2008; De Stefano et al., 2007; Grassiot et al., 2009). TVV (in mm3) was
calculated by multiplying three different dimensions of the third ven-
tricle recognized in the T1-weighted images; lamina terminalis-pos-
terior commissure line, highest curvature of the inferior surface of
fornix-upper surface of the mammillary body line and a line perpen-
dicular to the interhemispheric fissure at third ventricle's midpoint
(TVW). Normalized values were also calculated (NTVV = TVV÷TSD
and NTVW = TVW÷TSD). The BCR was the minimum intercaudate
distance (ICD) divided by brain width along the same line. The BCR was
measured in the FLAIR axial slice where the heads of the caudate nuclei
were most visible and closest to one another. Normalized ICD was also
calculated (NICD= ICD÷TSD). CCI was obtained by drawing a straight
line at greatest anteroposterior diameter of CC and a perpendicular at
its midline. Anterior, posterior and medium segments of CC were
measured and normalized to its greatest anteroposterior diameter. The
FHW (in mm) was defined as the maximal distance between the lateral
borders of the frontal horns of the lateral ventricles and was normalized
(NFHW) with the TSD (NFHW = FHW÷TSD).

Volumetric analyses of the brain was also conducted using axial 3D
MP-RAGE images and FMRI Software Library (FSL) (Smith et al., 2004).
Brain tissue volume, normalized for subject head size, was estimated
with SIENAX. SIENAX starts by extracting brain and skull images from
the single whole-head input data (Smith, 2002). The brain image is then
affine-registered to MNI152 (or Talairach) space (a reference brain map
obtained from 152 healthy individuals) (using the skull image to de-
termine the registration scaling); this is primarily in order to obtain the
volumetric scaling factor, to be used as a normaliZation for head size
(Jenkinson and Smith, 2001). Next, tissue-type segmentation with
partial volume estimation is carried out in order to calculate normalized
volumes for total normalized brain tissue (NBV), grey matter (GMV),
peripheral grey matter (PGMV) and white matter (WMV) (Zhang et al.,
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2001). For regional brain volume calculations we used FMRIB's FIRST
software a model-based segmentation/registration tool (Patenaude
et al., 2011). Normalized volumes for caudate nucleus, putamen, globus
pallidum, thalamus, accumbens nucleus, amygdala and hippocampus
were obtained by multiplying the estimated volumes by the scaling
factors derived from SIENAX.

2.5. Statistical analyses

Descriptive statistics were made using means, standard deviations,
minimum, maximum, absolute and relative frequencies. Group com-
parisons were made using Student's t-test for numerical data and chi-
square test (with Yates correction for 2×2 tables, or Fisher's exact tests)
for categorical data. In case of small numbers of participants in groups
(i.e. lower than 30), or violation of normality (evaluated through Q-Q
plots), Mann-Whitney U non-parametric test was used. In case for
multiple group comparisons, Bonferroni correction for the level of
significance was employed (corrected significance = 0.05 ÷ number of
comparisons). For the comparison between HCs and MS patients with or
without CI, analysis of covariance was performed after adjusting for the
group×education interaction since education differed between HCs
and MS patients at baseline. Sidak's post-hoc tests were presented. In
order to assess MRI determinants of cognitive scores step-wise hier-
archical linear regression models were conducted. In the first step
confounders were entered. In the second step each MRI parameter was
entered separately and for each cognitive score. Standardized beta
coefficients and R-square changes were presented. Level of significance
was set at 0.05. All analyses were performed using SPSS v22.0 for
Windows (Chicago IL).

3. Results

3.1. Demographic variables

There were no significant differences between RRMS and controls,
except for education with higher number of HCs being of tertiary level
(p = .036). With regards to clinical characteristics, RRMS patients
suffered from the disease about 11 years (mean = 137.9 months) and
had mild to moderate disability (mean EDSS = 2.2). Most (82.8%) were
on immunomodulatory treatment mainly fingolimod (27.9%) and su-
cutaneous IFNb-1a (19.7%). Some patients (39.4%) were receiving
symptomatic treatment such as baclofen, tizanidine, amantadine etc.

3.2. Cognitive evaluations in the study sample

Based on the age, gender and education-adjusted 5% cut-offs for
SDMT, CVLT-II and BVMT-R, 27 (44.3%) of patients had CI. Six (9.8%)
had abnormal SDMT scores, 15 (24.6%) had abnormal CVLT-II scores
and 19 (31.2) had abnormal BVMT-R scores. Seventeen (27.9%) had CI
in one cognitive domain, 7 (11.5%) in two and 3 (4.9%) in three cog-
nitive domains (Table 1).

After adjusting for education, all cognitive scores were significantly
decreased in RRMS CI patients compared to non-CI patients or HCs
(Table 2). Interestingly SDMT score was more decreased in RRMS pa-
tients irrespective of CI status compared to HCs, whereas significant
differences between HCs and all MS patients with respect to BVMT-R
could be attributed mainly to CI patients, since no significant difference
was noted between non-CI patients and HCs. Finally, CVLT-II dis-
criminated significantly CI patients from non-CI patients, and not HCs
from all RRMS patients.

3.3. Groups comparisons for demographic, disease-related and

psychological characteristics

There were significantly more unemployed patients compared to
HCs, irrespective of CI (Table 3). Also CI patients were significantly

more likely to have greater disability, to have sustained more relapses
or to take symptomatic treatment (most likely both reflected by the
greater disability), to report more physical fatigue, stress, anxiety and
depression than non-CI patients. Stress, anxiety and depression was also
more increased in CI patients than HCs.

3.4. Imaging assessments

CI patients had significantly larger (normalized) third ventricle
width and volume, smaller CCI and larger lesion volume than non-CI
patients (Table 4). No significant differences were noted between pa-
tients' subgroups for all the subcortical structures (Table 5). We re-
analyzed data for the subcortical structures separately for each category
of CI (i.e. SDMT or CVLT-II or BVMT-R impairment) and differences still
remained non-significant (data not showed) (Table 6).

After adjusting for age and education, SDMT score was significantly
predicted by CCI only (R2 change = 5.1%, p = .042), CVLT-II score was
significantly predicted by LV (R2 change = 6.1%, p = .05), CCI (R2

change = 8.6%, p = .022) and NFHW (R2 change = 7.5%, p = .031),
BVMT-R score was significantly predicted by NTVW (R2 change =
5.9%, p = .046) and the total cognitive score was significantly pre-
dicted by LV (R2 change = 7.1%, p = .026) and CCI (R2 change =
7.9%, p = .021). Age, education and either CCI and LV explained about
30.6% (if added in the same model) of the variance of the total cog-
nitive score. We repeated the analysis after adjusting for each sig-
nificant difference between patients' subgroups found in Table 3, with
no change in the final results (data not showed).

4. Discussion

This study primarily aimed at exploring the role of different MRI
markers in cognitive function in RRMS patients. Third ventricle width
(TVW), corpus callosum index (CCI) and lesion volume (LV) emerged as
the most significant predictors of the presence of CI in MS. When in-
dividual scores were taken into account, third ventricle width sig-
nificantly predicted BVMT-R, CCI significantly predicted SDMT, CVLT-
II and total cognitive score and LV significantly predicted CVLT-II and
total cognitive score. Also, CVLT-II score was negatively associated with
normalized frontal horn width (NFHW). None of the subcortical struc-
tures predicted CI or cognitive scores in this study. Also, CI patients had
more disability and reported more physical fatigue, stress, anxiety and
depression than non-CI patients.

With regards to linear MRI indices, our results confirm that third
ventricle width and CCI are significantly associated with cognitive
function in MS (Benedict et al., 2006; Papathanasiou et al., 2015;

Table 1

Demographic and clinical characteristics of 61 relapsing-remitting multiple sclerosis
(RRMS) patients and 51 healthy controls (HCs) included in the study.

RRMS HCs p value

Age (years) 41.8± 10.6 38.7± 9.2 0.11a

(21–67) (20–57)
Women 44 (72.1) 41 (80.4) 0.43b

Tertiary education 46 (75.4) 47 (92.2) 0.036b

Disease Durations (months) 137.9± 83.9 – –

(16–324)
Number of relapses from onset 7.2±8.3 (1–44) – –

EDSS 2.2±1.9 (0–6) – –

Immunomodulatory Treatment 50 (82) – –

Symptomatic drugs 24 (39.4) – –

Values in the table represent means± standard deviations (minimum-maximum) and

absolute and relative frequencies (%) within each study group.

Significant differences (p≤.05) have been highlighted as bold.

EDSS: Expanded Disability Status Scale.
a Student's t-test.
b Chi-square test (Yates correction).
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Sánchez et al., 2008). Also, previous findings confirm that TVW and not
BCR is associated with visuospatial memory, which is in accordance
with this study (Marasescu et al., 2016). Another study by Bermel et al.,
found that BCR was inversely correlated with SDMT score which was
not found in our study (Bermel et al., 2002). However, it should be
noted that in this study the sample consisted of a small number (N =
23) of RRMS patients and progressive MS patients that did not differ
with respect to brain atrophy and lesion load and also adjustment was
made only for age. Thus, direct comparisons with this study cannot be
made. Previous studies are also in agreement with our findings of a
significant association between CCI and processing speed and memory
(Bergendal et al., 2013; Yaldizli et al., 2014). Finally, to our knowledge
this is the first time that frontal horn width is associated with verbal
memory in MS. Previous studies have documented FHW increase with
time in patients, but no associations with cognitive functions were
made (Martola et al., 2010).

Lesion volume was found to be the only significant volumetric
predictor of cognitive function in MS and particularly verbal memory,
as in previous studies (Fritz et al., 2016; Lazeron et al., 2006; Mineev
et al., 2009; Pinter et al., 2015; Tiemann et al., 2009). Most likely
disruption of cortico-cortical and cortico-subcortical white matter tracts
account for the significant role of LV in cognitive function in MS
(Bendfeldt et al., 2010; Hulst et al., 2013; Rossi et al., 2012). In support
of this, previous studies have ascertained the association between white
matter and grey matter pathology in MS, presumably through me-
chanisms of retrograde and anterograde axonal degeneration, although
other studies negate such a relationship (De Stefano et al., 2003;
Sbardella et al., 2013). In order to verify such an hypothesis, we
checked for the correlation between LV and the other MRI indices in
this study (data not showed). Significant partial correlations were found
for NTVW (r = 0.332, p = .024), CCI (r = −0.516, p< .0001), NFHW
(r = 0.356, p = .015), NBV (r = −0.322, p = .029) and NPGMV (r =
−0.297, p = .045). Interestingly, LV was associated with CCI, NTVW
and NFHW which also were linked to cognitive function in this study.
The lack of the significant results with NBV or NPGMV may attributed
to regional cortical atrophy that this study did not assess. Also, using a
more comprehensive neuropsychological test would presumably be
more likely to reveal significant results.

This study showed negative results for other volumetric MRI mea-
surements such as brain volume, grey and white matter volume and all
subcortical structures. This contradicts previous findings of a significant
association between cognitive function and these markers, especially

NBV and thalamus that is more consistently found in many studies
(Batista et al., 2012; Benedict et al., 2013; Bergsland et al., 2016; Daams
et al., 2016; Damjanovic et al., 2016; Debernard et al., 2015; Gouveia
et al., 2017; Hulst et al., 2015; Jonkman et al., 2015; Lazeron et al.,
2006; Mineev et al., 2009; Pinter et al., 2015; Preziosa et al., 2016;
Sacco et al., 2015; Sanfilipo et al., 2006). Heterogeneity of MS samples
(i.e. inclusion of patients with progressive or advanced MS or even with
clinically isolated syndrome), methodology (i.e. adjustment for dif-
ferent confounding factors or conducting only univariate analysis) and
neuropsychological testing (i.e. use of tests other than BICAMS) may
account for these discrepancies. However, the most important differ-
ence was that in this study MRI differences were searched among CI and
non-CI patients, while most of the previous studies, with only few ex-
ceptions (Daams et al., 2016; Damjanovic et al., 2016; Preziosa et al.,
2016; Sacco et al., 2015), reported differences among MS patients and
HCs. Thus, our analysis was less likely to reveal significant changes.

In a study by Sacco et al., non-CI patients had smaller LV than CI
patients as in this study (Sacco et al., 2015). In the same study, a sig-
nificant group difference was reported for NWM (mean difference
25.5 ml, p = .01). In our study, the mean difference between CI and
non-CI patients was larger (mean difference 35.52ml) but it was not
significant. Given the smaller number of patients used in Sacco et al.
study and the lack of a Bonferroni correction (given the multiple
comparisons) we suspect a type I error for their findings. In another
study by Preziosa et al., except for LV, additionally NBV and NGMV
were found reduced in CI patients compared to controls (mean differ-
ence for NBV 65ml against 44ml in this study, mean difference for
GMV 45ml against 12ml in this study) (Preziosa et al., 2016). Except
for the lack of the Bonferroni correction, this study assessed CI with a
large set of neuropsychological test, whereas we used only BICAMS,
thus direct comparison is not safe. In a very similar to ours multicenter
study, with the exception of neuropsychological testing difference, LV,
NBV, NGMV, NPGMV, NWMV and volumes of all the subcortical
structures were found decreased in CI patients compared to non-CI
patients, after performing age- and site-adjusted linear mixed models
(Damjanovic et al., 2016). Given the relative small mean differences for
these measurements presented in their paper, we presume that their
statistical approach was more sensitive at detecting significant differ-
ences. Finally, in a study by Daams et al., LV, NBV, NGMV, NWMV and
volume of subcortical structures (i.e. accumbens, caudate, hippo-
campus, pallidum, putamen and thalamus) were all found significant
different in CI and non-CI patients after appropriate statistical

Table 2

Cognitive score differences between 61 relapsing-remitting MS (RRMS) patients (27 with and 34 without cognitive impairment-CI) and 51 healthy controls (HCs).

HCs RRMS Non-CI patients CI patients p valuea,b

SDMT 60±10.1 46.6± 15.3 53.3±12.6 38.1±14.3 a. 0.003*
b. 0.05*
c. <0.0001*
d. <0.0001*

CVLT-II 65.5± 7.3 57.6± 12.8 64.5±8.2 49±12.5 a. 0.134
b. 0.997
c. <0.0001*
d. <0.0001*

BVMT-R 30.6± 5.2 23.7± 8.34 28.6±5.1 17.5±7.7 a. 0.025*
b. 0.498
c. <0.0001*
d. <0.0001*

Total Cognitive Score 0.44± 0.58 −0.45± 0.99 −0.16± 0.59 −1.22± 0.85 a. 0.008*
b. 0.277
c. <0.0001*
d. <0.0001*

Values in the table represent means± standard deviations.

SDMT: Symbol Digit Modality Test, CVLT-II: California Verbal Learning Test, BVMT-R: Brief Visuospatial Memory Test-Revised.

Significant differences (p≤.05) have been highlighted as bold.
a Comparisons: a. HCs vs. RRMS, b. HCs vs. non-CI patients, c. HCs vs. CI patients d. non-CI patients vs. CI patients.
b ANCOVA with group, education and group×education interaction as independent covariates. Sidak's post-hoc test was used for b, c, d comparisons.
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manipulation of the data, with relative large absolute volume differ-
ences reported (Daams et al., 2016). However, 37% of their sample
were of progressive MS and neuropsychological testing was done using
a large set of tools, which may account for the discrepancy with our
study. Indeed, in patients with long-standing disease, histopathologi-
cally confirmed neurodegeneration may be a driver for MRI measured
atrophy (Popescu et al., 2015).

Additional findings were that there were significantly more un-
employed patients compared to HCs, which agrees with previous stu-
dies (Chiaravalloti and DeLuca, 2008). Also, CI patients had more dis-
ability and reported more physical fatigue, stress, anxiety and
depression than non-CI patients. CI has been previously linked to more
disability and physical fatigue (Rojas et al., 2016). More interestingly,
CI predicts disability worsening up to 10 years before (Moccia et al.,
2016). In addition, patients with CI tend to use avoidance and

emotional-focused coping to tackle stress, which increase their stress,
anxiety and depression (Goretti et al., 2010; Montel et al., 2012;
Rabinowitz and Arnett, 2009).

This study has several limitations. Firstly, the cross-sectional design
does not allow etiological inferences. Secondly, there were no available
MRIs for HCs which would permit a better assessment of the role of MRI
markers in cognitive function. To obviate this limitation, we divided MS
patients in those with and those without CI and we searched for sig-
nificant MRI markers. Thirdly, although the acquisition MRI protocol
was the same for all patients, MRIs were performed in different centers
which could always introduce some systematic bias in the study's re-
sults. Fourthly, this study did not include patients with progressive MS.
Finally, our findings do not exclude the possibility that certain regions
of cortical grey matter atrophy and cortical lesions could account for
the cognitive function of our MS patients.

Table 3

Comparisons between 61 relapsing-remitting MS (RRMS) patients (27 with and 34 without cognitive impairment-CI) and 51 healthy controls (HCs).

HCs RRMS Non-CI patients CI patients p valuea

Age (years) 38.7± 9.2 41.8±10.6 39.8±10.4 44.3± 10.6 a. 0.106c

b. 0.611c

c. 0.034*,d

d. 0.098d

Women 41, (80.4) 44, (72.1) 23, (67.6) 21, (77.8) a. 0.426b

b. 0.281b

c. 1.0b

d. 0.556b

Tertiary Education 47, (92.2) 46, (75.4) 28, (82.4) 18, (66.7) a. 0.036*,b

b. 0.303b

c. 0.011**,b

d. 0.265b

Employed 44, (86.3) 33, (54.1) 20, (58.8) 13, (48.1) a. 0.001**,b

b. 0.009**,b

c. 0.001**,b

d. 0.567b

Disease duration (months) – 137.9± 83.9 122.9± 80.8 156.8± 85.4 d. 0.096d

Relapses from disease onset – 7.2± 8.3 4.4± 4.5 10.7± 10.4 d. 0.002**,d

EDSS – 2.2± 1.9 1.6± 1.6 3± 2 d. 0.006**,d

Immunomodulatory treatment – 50, (82) 28, (82.4) 22, (81.5) d. 1.0b

Symptomatic treatment – 24, (39.3) 5, (14.7) 19, (70.4) d.<0.0001**,b

Physical fatigue (mm) 50.6± 26.3 50.7±26.3 41.3±24.4 62.5± 24.2 a. 0.984c

b. 0.105c

c. 0.033*d

d. 0.003**d

Cognitive fatigue (mm) 40.5± 25.9 33.4±25.3 30.2±24.7 37.4± 26 a. 0.143c

b. 0.07c

c. 0.475d

d. 0.213d

Mental Fatigue (mm) 46.6± 25.3 44.3±31.5 37.4±32.3 53± 28.9 a. 0.674c

b. 0.166c

c. 0.436d

d. 0.044*,d

Stress 10.8± 7.7 13.1±8.7 10.4±6.6 16.7± 9.9 a. 0.144c

b. 0.789c

c. 0.01**,d

d. 0.012**d

Anxiety 4.4± 5.7 6.5± 7.2 4.5± 5.4 9.2±8.5 a. 0.087c

b. 0.929c

c. 0.002**,d

d. 0.01**,d

Depression 5.9± 6.6 8.9± 9 6±7.1 12.6± 10 a. 0.051c

b. 0.959c

c. 0.001**,d

d. 0.003**,d

Values in the table represent means± standard deviations and absolute and relative frequencies (%) within each study group.

EDSS: Expanded Disability Status Scale.

Significant differences have been highlighted as bold.
a Comparisons: a. HCs vs. RRMS, b. HCs vs. non-CI patients, c. HCs vs. CI patients d. non-CI patients vs. CI patients.
b Chi-square test (Yates correction) or Fisher's exact test.
c Student's t-test.
d Mann-Whitney U test.

* p≤.05.

** p≤.017 (Bonferroni correction for 3 comparisons: b, c and d).
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In conclusion, selected two-dimensional (third ventricle width and
corpus callosum index) and three-dimensional (i.e. lesion volume) MRI
assessments can be used as surrogate markers of cognitive function in
MS patients. Although, normalized brain volume and lesion volume still
remains a critical endpoint in clinical trials, we propose the future in-
corporation of simple two-dimensional markers such as third ventricle
width and corpus callosum index. Future research should also improve
our understanding on the longitudinal changes of these markers and to
provide normative data that will help clinical and therapeutic decision-
making.
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BCR 0.117± 0.024 0.136±0.074 0.716 NWMV 829.21± 85.27 793.69± 119.22 0.55
CCI 0.378± 0.06 0.331±0.064 0.015*

FHW (mm) 33.79± 3.68 34.95±3.55 0.299
NFHW 0.296±0.028 0.311±0.029 0.112

Values in the table represent means± standard deviations.

BCR: BiCaudate Ratio, CCI: Corpus Callosum Index, FHW: Frontal Horn Width, LV: Lesion Volume, NBV: Normalized Brain Volume, NFHW: Normalized Frontal Horn Width, NGMV:

Normalized Grey Matter Volume, NPGMV: Normalized Peripheral Grey Matter Volume, NTVV: Normalized Third Ventricle Volume, NTVW: Normalized Third Ventricle Width, NWMV:

Normalized White Matter Volume, TVV: Third Ventricle Volume, TVW: Third Ventricle Width.
Significant differences (p≤.05) have been highlighted as bold.

a Mann-Whitney U test.

Table 5

Comparisons between 27 relapsing-remitting MS (RRMS) patients with cognitive im-
pairment (CI) and 34 RRMS patients without CI with respect to subcortical MRI volumes.

Subcortical volumes (ml) Non-CI patients CI patients p valuea

Right Caudate 7.77± 1.63 7.57± 1.54 0.706
Left Caudate 7.38± 1.39 7.13± 1.53 0.599
Mean Caudate 7.59± 1.48 7.35± 1.5 0.610
Right Putamen 7.61± 1.66 7.55± 1.52 0.819
Left Putamen 7.55± 1.51 7.43± 1.60 0.615
Mean Putamen 7.58± 1.54 7.49± 1.53 0.631
Right Globus Pallidum 3.12± 0.71 3.09± 0.71 0.845
Left Globus Pallidum 3.23± 0.69 3.34± 0.77 0.286
Mean Globus Pallidum 3.18± 0.68 3.21± 0.72 0.540
Right Thalamus 12.17± 2.37 11.99± 2.33 0.837
Left Thalamus 12.38± 2.29 12.25± 2.45 0.873
Mean Thalamus 12.27± 2.29 12.12± 2.36 0.855
Right Hippocampus 8.9±2.13 8.93± 1.95 0.837
Left Hippocampus 8.73± 2.23 8.57± 2.1 0.681
Mean Hippocampus 8.82± 2.14 8.75± 2 0.945
Right Amygdala 3.33± 0.97 3.39± 0.95 0.631
Left Amygdala 3.67± 1.0 3.67± 0.97 0.927
Mean Amydgala 3.50± 0.96 3.53± 0.95 0.802
Right Accumbens 1.08± 0.30 1.14± 0.36 0.704
Left Accumbens 1.25± 0.36 1.24± 0.43 0.987
Mean Accumbens 1.16± 0.29 1.19± 0.35 0.605

Values in the table represent means± standard deviations.
a Mann-Whitney U test.

Table 6

Multivariate linear regression models presenting significant only (p≤.05) MRI determi-
nants of cognitive scores after adjusting for age and education in relapsing-remitting MS
patients.

Step 1 (age,

education)

(R2%)

Stage 2 (sbeta; R2

change %)

Total R2% p value

SDMT 26.6% CCI (0.255;5.1%) 31.7% 0.042
CVLT-II 7.2% LV (−0.289;6.1%) 13.3% 0.05
CVLT-II 7.2% CCI (0.321;8.6%) 15.8% 0.022
CVLT-II 7.1% NFHW

(−0.343;7.5%)
14.6% 0.031

BVMT-R 12.1% NTVW
(−0.302;5.9%)

18% 0.046

Total Cognitive
Score

21.7% LV (−0.3;7.1%) 28.8% 0.026

Total Cognitive
Score

21.7% CCI (0.299;7.9%) 29.5% 0.021

BVMT-R: Brief Visuospatial Memory Test-Revised, CCI: Corpus Callosum Index, CVLT-II:

California Verbal Learning Test, LV: Lesion Volume, NFHW: Normalized Frontal Horn

Width, NTVW: Normalized Third Ventricle Width, sbeta: standardized beta, SDMT:
Symbol Digit Modality Test.
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