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, meme-a-meme,  ̧̃--̧̃,    ,  

    ́.

F,     ı́,   ̃     .

C   , -  ,  ̃,   

̧. P   ́  ́        

  . J́   , -      ̧.

D  , ́,          

            . A ,  

 , ́,   ̃,  , ,

,             

 . S      ̃     

  ,   ̃  ̧.





. . .      , ’   -. W     

   .
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Resumo

E̧̃ ́  ́      

́ ̃     ́,      ̧̃ 

 ́ ́. O  ́ ́ ̃ 

     ,   ́     ̃

   ́. A ́   ́   ́,

   ̃     ́  ,  

́   ̧̃  . U   -

   ̧̃    ́ ,  -

 E̧̃ ́  . V́   -

 ̧ ́ (.., ̃,  -,

,  ) ́   ̧̃  ́. C, -

       ́   

     ́ı      

  .

N  -  ̧  ̧̃   

  ̧̃ ́    5 , 

C̧̃ O,      ̧̃ 

     . V́    -

     (..,   ́,   ),

  ̧̃           -

 ́ ́      ́,    

 ,  . S̧̃,     COM-

SOL M® AC/DC,       ́  ̧̃

      5    

  ̧̃    , -  -

̧̃    ́  71%  ́  ́ı. E 

      ̧̃ .

F,    ́      -
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R

̧̃  ́  ̧̃  ̃  . D -

  . O ,     ̃  

          

. N ,        , -

  ̧̃    ̧̃      

 ́,   ́  ́ı,    , 

        (≈ 71%), 

       . A   

 ́  ̧̃     COMSOL M®

AC/DC. U ̧̃  390   ́       -

      ,  , ́, 

̧̃  NC.

Palavras-chave: E̧̃ ́  (TMS), E̧̃

́   (TMS), TMS  , COMSOL M-

 AC/DC.
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Abstract

T   (TMS)     

          . T

          ,    

    . T     

  ,          

      . O    -

        ,   T

M S (TMS). M     -

 (..    (MDD), -  (OCD),

 ,  )     . H,

             

    ,    ,    

.

I  ,          

TMS 5- ,  O C,    -

            . M

         (..,  ,

 ),   - ,      

     -    , 

. S,   COMSOL M® AC/DC ,  

         5- -

     --  

71%       . T    
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Introduction

1.1 Project objectives

T ’         

. A  ,     . O      -

          -T M

S (TMS) ,   ,  -

 , ,      . T  

          -

        -    

--     TMS .

T           -

 . S,   ,    

     ,     . T,  

   ,  ,       

            -

/ . W        

      ’     

   .

1.2 Motivation and Foundations

T M S (TMS)     -

   B  . (1985)  37  . T  -

             (..

 - ),      

       ,    , 

   . D         

  ,    TMS    ,  ,
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.

T  , TMS        -

   . D, ,    

   . C      -

,    , ,    

    TMS . F  ,    TMS

       ,    -

. I 2008,   TMS       

  (MDD)     US FDA (U S F 

D A),   ,     , TMS 

   , ..,        

,  2013,     -  (OCD), 

2018,   -    . E   -

 E CE (C́ E́) M     

      .

W         

 TMS , ,  TMS (TMS). T    TMS

   -        

       . I - ,  TMS

         (5-8 )    

          . W   

TMS,               -

 ,    - . T -    

  ,          -

. T,       1 H    ,

       1 H    . T

   -     - ,

 - , . N,     

            ,

     S 2.7. T -    TMS 

      . A    , 

      TMS   FDA- -

   -  . H,     

          

   ’ . S TMS ’   

        (B-)    

, ..,     . T   
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          . T

             

           . DTMS  

            

 . O  ,       

    ,    ,    

 S 2.8. T           

       TMS      

-     --,     

 .

I   ISEC (I S  E  C)

 IBEB (I  B́ı  E B́), LIP (L́ 

I̧̃  F́ı E  P́ı)    

TMS . T ,  O C (OC),  

  -      . T  ,

  TMS     ,   ,   

         S (2014)  S

(2015),   60%         (10- )

  S (2015)  ,      .

T      ’  ’ ,  

    S (2014) .

A       . T -

           

  ’     . I  ,  

     ,       ’  

   (      ).

D   ,      ,      

         O

C,          

 ,  (S, 2015)  (S, 2014), .

1.3 Dissertation structure

T      . I   , -

 1,           

. T         

  ,       TMS -
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C 1

, TMS ’  ,  TMS’    . I C 3

        TMS / TMS, 

        (  TMS),   

       TMS . C 4  

         , 

       ,   ,   

 . I C 5           

,          -

   ,       

         . C 6   -

           

     . T  , C 7, 

             

    .
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2

TMS evolution, principles, and

state of the art

2.1 TMS

T M S       -

      -  (B  ., 2019). T  

     . I   , TMS  

  M   (MEP)      -

       ,      

 ’       . T  

       - .

F - , TMS    , 

TM S (TMS),     

  ,          

  . T, TMS      

     (     )

(L, 2019).

2.2 History and evolution of brain stimulation

T         R . C 46

AD, S L,     R  C,  

  Compositiones medicamentorum         

      (S, 2011). O    ,

,        ,      

      (S, 2011).

T           -

    . I    , G A 
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            

   (V-D  ., 2014) (S, 2011). H -

        ,   

           -

 . A’       

      ,    

      ,     -

    (V-D  ., 2014) (S, 2011).

R    , G F  E H’ -

          (   ) 

         (S  H,

2008). F  H   1870       

   H’ ,          -

  -           

           (S

 H, 2008) (S, 2011).

I 1874, R B ,    ,    

         . T 

       (AC)    

        . A ,   

,     ,      

 ,           ’

 (V-D  ., 2014) (S, 2011) (S  H, 2008).

A A          

 . I    8 , A   

      ,   , , ,

            (DC)

  (V-D  ., 2014) (S, 2011).

R     , O    

      (1819)      

       ,     

         (V-D  .,

2014). T        

   1820  1822,  F, A, A-M A́,

J-B B,  F S,        (1831) 

F        -   

  . F  H    -
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             -

           (V-

D  ., 2014). I 1833, H L      

             

  ,      L’  (V-D  ., 2014).

S    , J ’A    -

  AC       . I 1893, ’A

 -    -     .

’A           

   F   1896,  ’A    

             

 (V-D  ., 2014). U    , -

     ,    

       ,     

  (V-D  ., 2014).

L     (1976), A B    

     ,   1985 T M

S (TMS)        B   L

C   I F  C N. A -

  TMS  A B    F 2.1. TMS   

B       -  , 

            ,  

-  ,        

 ,   F’  L’ . T  

            

           

  (V-D  ., 2014).

TMS          -

      ,     

  1970    T E S (TES). T -

  TMS    ,  - ,  

             

(H  ., 2011). T     ’ 

    TMS  ,    ,    

    (H  ., 2011).

N, TMS      

   ,         -
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    . A       P-

L  . (1994),  -     TMS 

 , TMS          

    (H  ., 2011). P--  -

    TMS   ,   2007, O’R

 . (2007)         301 -

   ,          

  ,        

  (DLPFC)   N TMS  (H  ., 2011).

T          -

    (H  ., 2011). T ’   

FDA         - 

            NS

TMS  (H  ., 2011).

T   TMS,   ,    -

          ,  

,           

. N,       

  TMS    ,   ,  , 

     ,         

   S 2.8  C 3.

2.3 Physics behind TMS

T   TMS        

        - . T   

              

  /  ,     . T  

       (   ) (S, 2015), 

             

          ( ),   

F 2.2.

2.3.1 Physical Principles

TMS          . E-

             
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Figure 2.1: A: D      -
  A B  L, 1985. B: R J (), I L. F-
 (), A B ()   TMS , 1985. A
 V-D  . (2014).

Figure 2.2: B       .
A: T-       . B: T- -
         . T    
        . C: I    
,    . D: A      
      TMS. A  V-D  .
(2014).
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. T     TMS      

     . T  , , 

,   5  50 A. A        

,         ,   A́’

L(R, 2018):

∇× B⃗ = µ0

(
J⃗ +

ϵ0∂E

∂t

)
(2.1)

I  , B       (T), J    , E  

 , µ0        ϵ0   

  . T            

 B-S . B  S’       ,

B⃗,      ,         (S,

2015),     :

B⃗ =

∫

AB

dB⃗ =
µ0

4π

∫

AB

Id⃗l × r

r2
(2.2)

              

  I,      ,     -

  B- , ,    , B,     .

A  , µ0        (S, 2015).

R TMS,      B-S    

     . T      

     F 2.3 ),       

     . C F 2.3 ) ,   

    dB⃗           

. T            

   . G    , r⃗,    , d⃗l, 

, d⃗l × r = dl. I ,    ϕ   

  dB⃗   F 2.3 ),     

|dB⃗| =
(
µ0

4π

I

r2

)
ϕdl (2.3)

L  F 2.3 )  )       ϕ = R
r
. I  

     , B⃗,      

   . T       
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(a) (b)

Figure 2.3: a) R    B-      

. T |B⃗|         ( O)  =0. R 
  ,           B-  
    . b) T B⃗  ,      

   d⃗B            .
A  (Y  . (2004), S (2014)).

B⃗ =

∫ 2πR

0

µ0

4π

IR

r3
=

µ0

2

IR2

r3
(2.4)

C     N ,       

     , ,  N        ,

             

          (S, 2015).

A  F’ ,        -

             , 

 ,   ,    (S, 2015). F ,  

     ,        

B-     (      ),  

       (S, 2015). T  -

          , ϕB,    

  . B F   ,       

     ,      .

I           ,   

      ,        

   = RI (S, 2015). T    
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        , ϕB,    F-

,    :

 = −dϕB

dt
(2.5)

      F’   . F 

       ,    L’ . T  

               

      .

A  ,      TMS      

          . L

 F’ ,      B- , ,     

     , ,  ,    , 

 , ,   ,   . T    

,  R       (), I = ε
R
(S, 2015).

T      (    )  

  ()       E F (E-) 

      . T E-     F⃗ = qE⃗

      ,       

     E-, ,   . T  

              

 , ,    . M    

           

    ,      , , ,

  (S, 2015). E       

        B-,    F 2.2.

I             , 

    C 5  6,          

   , J⃗ . B    J⃗   ,  

     E-, E⃗,    ,  

O’ :

J⃗ = σE⃗ (2.6)

 σ      ,      

       E-   . T  
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              -

 , ,        (A2) (S, 2015).

2.3.2 Brain’s physiological principles and TMS

2.3.2.1 The nervous system

T      ,    -

. A          

   . F     ’  -

        ,   

   . T       , ,  

            (B,

2010). B    ,         

     .

T          : 

   (CNS),      (PNS). T CNS

       ,   PNS   

     CNS        

  (),       () (B, 2010).

F,  PNS      : T 

 ,     . T   

         (..,  

)   . T         

,     ,    

      ,     

     . T      

           (..,

,    )        

(B, 2010).

2.3.2.2 Nervous system’s cells

Neurons

T            . T

       ,   ,   

       ,      

      . T    
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Figure 2.4: R   ’  ,     
   ()   ()  . A
 B (2010).

    ,   ,      

       ,    , 

             

(B, 2010),       F 2.4. E     

   ,      ,    

    . P  ,     

   ,          

  ,  ,   F 2.4,   

     ,      

     (B, 2010).

T          

       . T  

         ,   

             ,

    ,      . T  

              

. T   ()      

           (B, 2010).
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T             .

T          ,    

        . T    

 : , ,   . E  

           

(B, 2010).

A          -

       ,     -

   . T         , -

,     (CSF),         

      . M     

       ,  

  ,        

         (B, 2010).

O          

   :   . T       

      ,      

      . A   F 2.5,  

          

. O         

 CNS,  S        PNS. B 

         , -

  S ’       

    (B, 2010).

T         . T   

  , ..,        .

T           

    .

A      ,       

    ,       

 . T         

  Ca2+,         

    (B, 2010).

Action potential generation

W            
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Figure 2.5: M   . A) N   .
T        () , 
      . A   R     
    . N      
    ,       R   . B) C
             ,  
. C) PNS  . A  B (2010).

       . A    

’  ,  ,     

   . T  : H     

    ? T  ,      

           ’ 

, ,  ,       ’

.

N     ,     ,  

   :      . O

 ,    ,         

   . B     

           , -

    (B, 2010). G     

   ,        

    ,    . F   

,               

. T  , , ,      

     ,         . T 

           ,  

          ,  

       ,    -
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Figure 2.6: R        . T
      ,     
      . A  B (2010).

    . T       

 ,    ,       

     (B, 2010). F 2.6   

           ,  

      .

T,       ,    , 

   60 V,          

 . G          ,  

          . T  

   ,      -60 V (B, 2010). F

2.7 )           

         -85 V. I   

,          K+   Na+ 

 . I   ,       

 K+ ,          F 2.7

). T          

         K+ .

G     K+   ,    ,

   K+   ,    ,   

. H,    ,       

          . W     

,       K+    ,     

  . T    -75 V,     
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Figure 2.7: a) D        
          -85 V. b)
E      K+ . T     K+ 
  ,        . I  , 
        -60 V. A  B
(2010).

     Na+ ,     

  ,              

    K+, ,     ,   

   -60 V (B, 2010),    F 2.7 ).

E            -

 ,       . T    Cl−

    . A     

         . T -

      Cl−,       

 . T  , ,     ,

      ,     ,  

   . S,       ,  Cl−

           -

. G        ,   

   ,       , 

   . D,        

       (B, 2010).
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W               -

  . B          

           -

. T       ,  

     -      -

     . W       ,

            , 

       . B     -

 . T         ’ :

T-G I C,  V-G I C (B, 2010).

I        ,       

V- ,   - Na+ . T   

-        ,  

       . T  

     TMS. D      

     .

I     ,         

  - Na+ , ,   ,   

   . T       

    ,       .

T   Na+         , 

 - . T Na+       

  +55 V,       Na+   .

O      (  F 2.8),  

   Na+ . A      , 

      ,       K+ 

        ,       ,

  Na+     . R     

  F 2.8        . W

    , - K+  ,  

   K+    ,     

    ,         

   F 2.8   . T  

       ,     

      (B, 2010).

A  ,         

  . B            
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Figure 2.8: A  . A  B (2010).

             . T

          ,    

   - Na+   ,      

 . A       ,   

   ,      -  (B,

2010). T     ,    ,  

               ,

       . A    

  ,            

 ,     ,      

   . I ,       

       , ,  ,   

           

(B, 2010).

A  ,         -

      ,   ,   , 

    . T ,   ,    

   ,          -

   . T        

           ,  

      - Na+  K+ 

     . T ,     

  ,             ,

      (B, 2010). A   

        F 2.9 ).
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A          . T 

    ,       

,      . T     

  ,             

. W        ,    

 ,   ,       ,

      ,    . T

 ,   ,      .

A  ,     . T  -

             

 . F   ,      

           R, 

  F 2.9 ),        , 

    ,         

  R    (B, 2010).

(a) (b)

Figure 2.9: a) E      . T
            
       . b) E   
  . T         
R,       . A  B
(2010).
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2.3.2.3 Rheobase

A  ,        -

,  TMS. I , ,      -

      TMS . T     

   ,         

. W    ,      ,  

       . F 2.10  

-          

        (R  Z, 2012),

             

    ,      E-  

     S 2.3.1, :

Jth = J0


1 +

τe
t


(2.7)

 J0  τe        ,

. R         ,

          , 

   (AP) . C       

      . T   

     ,  ,  ,  

     (R  Z, 2012).

Figure 2.10: C  -      
,  K  . (2002).

K  . (2002)        

           . A 

  2.44 H,         
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  6 A2. C       

 -   F 2.10   E 2.7,    

           - 

 50 H. T         

Jth = 6 A2, t = 1027 µ (      K  . (2002))

 τe = 150 µ,     ,     J0 =

2.43 A2. K   ,       

  ,          

     ,  ,   ,  1
4
 

  . F  50 H , Jth = 2.5 A2 (K  ., 2002).

2.3.2.4 TMS Modulatory eects

E     1985  B  . (1985), TMS   

           

       (N, 2016). I 

    TMS       

. T         

   TMS         

’   (T  ., 2020).

P     -      

       ,   -  -

       . T 

           . T 

         ,   

     (N, 2016), (H  ., 2010).

R TMS - ,   , ,

         -  

     ,      

     TMS  (H  ., 2017). N, 

   TMS        LTP (-

)-  LTD (- )-. LTP  LTD  

 , , -       

. T    -      

   LTP,           F

2.11,   -       

  LTD. T -      , , 

        (H  ., 2010).
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H,          

  TMS   ,        

    (T  ., 2020) (H  ., 2017).

S       T  . (2020)  

in vitro   ,     -   -

 T B S (TBS)   T B S

(TBS)       (   )

  . T        B-

   –    B (BDNF-TB) 

 -       ,   

    TMS-       

(T  ., 2020). A       24

 TBS    TBS  ,     

    TBS    .

A TMS       LTP 

LTD,    , ,        TMS

  (  ),  , ,     

  ,        , 

LTP  LTD         TMS

   TMS  (N, 2016) (T  ., 2017). B 

 TMS     -  (.., -

 ,     -   (BDNF),

  ,   - ,    

  ),         

   ,       

,           

  (N, 2016) (T  ., 2017). I     

   TMS    ,   

,   ,    ,   ,

          TMS   

    MEP  (     )

(N, 2016) (T  ., 2017). T       TMS 

   ,          

 ,             .
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Figure 2.11: P TMS- LTP     
  . TMS  LTP     - 
- . V- Ca2+   NMDA   
     . T       
    AMPA     . T 
 2-6  . A  T  . (2017).

2.4 Stimulation protocols

N, TMS         ,  

 ,          

        . T  

           

 TMS    ’   . F  

,          

 ,  ,     ,   
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 ,        (H  ., 2010).

W       ’   .

2.4.1 Single-pulse TMS

S- TMS (TMS)      TMS. I   

    (    ≈ 250 − 750µs   

)              

      ( 5-8 ). S- TMS   

               

 , ,        

      (..,      

 ,       MEP   ;

      / 

     ;      ,

 ,        TMS,  ). D

TMS            

              

(V-C́  ., 2017).

2.4.2 Double-pulse TMS

D- TMS (TMS),  - TMS,     

  TMS :    (CS),     (TS),

        (ISI). T CS  

TS. T   TMS , ,     

         

        . T TS  CS  

, , ,  TS        

(MT),  CS     . H,        

   TMS,     . T ISI ,   

,       (V-C́  ., 2017).

E        (< 7),  (7-15

),   (50-200 ) ISI        (M1) 

 5   : I  (10-15  ISI;

CS   TS ),     (1-4

 ISI, CS , TS ),    -

 (1-4  ISI, CS , TS ),   

26



C 2

 (100  ISI, CS , TS ),    -

  (50-200 , CS , TS ). T 

  -        

      . T 

       TS ,      

       (V-C́  ., 2017).

T           -

,    . H,       

  ,         ISI. T 

            

           (   

 ,        ). T ,  

 TMS            

       . T    

          CS    1

   , ,       2

(V-C́  ., 2017).

2.4.3 Repetitive TMS

R TMS (TMS)   TMS        -

 . I          

         2 . T   -

  TMS         , 

      . T,    

 TMS          

(V-C́  ., 2017). T       

. W    ,      TMS  , ,

  . B        . G 

   ,    -

   ,           

  ,            

 -, -,  - (V-C́  ., 2017).

T    TMS         

   ,        

     -. T - 

   TMS       
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      ,   ,  ,

 , FDA-   ,      C 3. H,

 -         TMS,   

        ,    

  . T     TMS     :

O ,    -,  -  (V-C́

 ., 2017).

O        . T 

   ’   ,     -

 . T     TMS    

  TMS  . I  ,    

      ,    TMS  -

     ,   -  

 . T      TMS   

-  -     (V-C́  .,

2017).

O           

   TMS . W       

    (TMS),       -

      30 ,       

 ,       60  -. N-

,     TMS -    , 

  TMS      ( , 

),    (MRI, PET),   (MEP,

EEG, MEG, )    . T     

          (V-C́  ., 2017).

W - TMS ,      . T,

     ,      ,

      24      

      ,   - . T

          

   . H,     

  24    (  ),   

    ,       

          . I  

           

    TMS     (V-C́  ., 2017).
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I ,            

     . H,      

TMS   ,   ’    . T

         .

2.4.3.1 rTMS protocols

Low-frequency rTMS

TMS    -      

   , ,     1 H,   

F 2.12. T     , ,   

      . T   

       ,       

 ,           

    (V-C́  ., 2017). H,  

        . F   

       1-H TMS. T   

   ,      ,    

     ,       S

2.7. R        ,    ,

  ,         , MEP 

,       ,   .

I ,       - 

  - ,      1-H  

     (H  ., 2010).

High-frequency rTMS

T -       TMS 

   1 H (     5 H),  

 F 2.12     5 H. C  - , 

  - TMS    , ..,    

      ,     -

           

(V-C́  ., 2017). N,     -

,            

 - . A       -

TMS,  ,      ,   -

,       - TMS   

      . T     
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      - TMS   , 

     - TMS   , 

      ,       

 (    ) (H  ., 2010).

Theta burst stimulation

T        TMS. T   

        . I  

        -    

,       (H  ., 2010)

(V-C́  ., 2017). TBS      3   

  50 H   200  (.. 5 H),    

    . T    TBS    

  .

T   TBS    T   (TBS)

  T   (TBS). T TBS    -

          ,   TBS

     . T      

 TMS     . TBS,    ,  

   ,        -

,  TBS         

. T      F 2.12    -

      . T     

            . C-

   TMS ,     

  -          20-190

   (V-C́  ., 2017).

Other protocols

T          

          

. N,        ,

        .

M- TMS      . T     

  - ,       . S 

         ,

         ,  

        . T - 
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Figure 2.12: TMS . T       -
 (<=1 H),  - (>=5 H). T  , -
,      . P   -
    ISI. C -  (TBS) 
      TBS (.., 40 ,   ISI  20
). I  -  (TBS)    TBS  -
        TBS (..,   
  2-    ISI  20 ,   10 ). I -
  (PPS)         . T
     ISI,      , .., 5 . I
  (QPS),   4       ISI.
T              
   (  PPS). T       
   , ISI,  . A  H  .
(2010).

           ,  , 

,  -        

  ,           

    (V-C́  ., 2017). T  ,  

       4 TMS  . I 

 , , 4   ( )   

     MEP     TMS  

  ISI (H  ., 2010). T    

     ISI ,    TMS ,   
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    ISI,       ISI,

     H  . (2010).

P A S (PAS)     

TMS         . T

     TMS       -

. T  ,        

. H,         

 ,     . T      H 

 -- 1. G  H    , 

           

 . T,       

  TMS   ,       ISI  

        LTP  LTD-. W  

     ISI          -

      ,     , .., 

  . O  ,   ISI     

         ,    ,

          (H  ., 2010).

2.5 Waveforms and current direction

W     TMS,       

            

           . N,

        , ,      

   TMS   . T  TMS 

     ,      

 ,    F 2.13 - . N,    

TMS       F 2.13 - , .., 

,       ,     

    (R  Z, 2012) (M  P, 2007).

O     - ,    F 2.13, 

            

  (     ),   ,  

        ,    

1biological process where the strengthening or weakening of a synapse is dependent on the
relative timing between the pre-synaptic and post-synaptic action potentials (spikes).
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        ,      TMS

(R  Z, 2012).

Figure 2.13: C TMS       ,  
 . O  ,     ,  
  MP . I     ,  - , 
    ,      MP X100
MO ,     . T  
         . A 
S  . (2006).

T           -

 . C   ,    

  (             -

,         ),   ,

         (M  P,

2007). M  . (1998)        

           -

 (S  ., 2006). T     M  .

(1998)              

         (S  .,

2006). G             

   ,        ,  

       TMS (R  Z, 2012).

T           . H-

,              .

T             

    (D-P́  ., 2018). T    

          

,     -  - ,   -

          ,

  R M T (RMT), M E P (MEP), -
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Figure 2.14: P         D-P́
 . (2018). A: M   --  (),
   --  (),   
 --  --  (). B: L 
 TMS       ,    
’    . A  D-P́  . (2018).

   (SP), MEP ,  . O  , 

          

       . T     

   TMS-     . F

          

    , D L  R (2014)   

          -

   D-  I-2 (D-P́  ., 2018). T  

            -

 ,    D L  R (2014)  D-P́  .

(2018). A   ,     D L  R

(2014),     - (PA)    -

   I- (I1),   - (AP) 

    I-,        ,

        D-  I- (D-P́

 ., 2018). T          

F 2.14,            

. G        , 

       ,   

2Recorded corticospinal tract electrical activity when the primary motor cortex or brain areas
with projections to the primary motor cortex are stimulated. D- stands for direct, as these volleys
are thought to be caused by direct stimulation of corticospinal axons, while I- stands for indirect,
as these are volleys recorded later along the corticospinal tract, and thought to be induced by
indirect, synaptic activation.
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      (W  ., 2019).

2.6 Safety

R TMS ,  -     -

     :    1996,    2008, 

   2021 (K  P, 2020) (R  ., 2021). I    

          TMS ,   

   ,   ,     . TMS

   ,         

       . T    

        ,  ,

 , , , , .      

, , , , . A  (AE)   -

       TMS ,   

         (, , .),

  ,      ’   

    ,      . A  

,       .

C  ’ ,      TMS -

       . T     

TMS      ,   R  . (2009). I

  -, -, TMS,  TBS,    

          TMS  (R  ., 2009).

T    ,        

 ,        . T 

  ,      TMS    

,   R  . (2009)  R  . (2021)     

 TMS     . M       -

       W (1998). T  

         ,    

 ,   -, -,  TMS (  

) (R  ., 2009) (R  ., 2021). E      

 ,     TMS      , 

            

 ,    ,   ,  

. I          ,
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   TMS     (R  ., 2021).

H,          -

 ,    TMS,   ,    

    (R  ., 2021). T       

   ,          -

 . O       / 

        ,   ,  -

  TMS  EEG,      .

C      -   TMS     

L  . (2019),          

      . D H-      

 ,        (R  ., 2021).

W  TMS    ,     -

      140 B     (SPL), 

          (R  ., 2009).

T           

 (R  ., 2021). M   SPL   

,   -  TMS      

   SPL ,      

  SPL (        

  ,  ,       ,   -

         ) (R  .,

2021). T        

        (R  ., 2021). N-

,        ,  TMS,  ,

     (R  ., 2021) (R  ., 2009). R

 ,        T  .

(2012)            ,

        ,    .

H,             ,

      - (R  ., 2021). TMS   

- -        

          / -

. P       TMS,    

        , 

        (R  ., 2021).

G       , TMS  
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     ,     -

        TMS    

, ,  /       -

 . W TMS       

 (MRI)     (MRS) ,   

    ,  TMS      -

          L    

   MR       (R  ., 2021). T -

  TMS      MR      

       3 T   (R  ., 2021).

W        0.1 ℃,   

     TMS     . E ,   

 ,   ,     ’  , 

  . S        50 ℃  100 

 55 ℃  10 . H        

      ,      (R  .,

2021). R   ,     43 ℃   -

  (R  ., 2021). T      TMS 

          -

 , . A  ,     

,      . I   

   ,        

     ,       

   (R  ., 2021).

T      TMS      

      . W  

 EEG,            -

            

   ,       ,  

  (R  ., 2021).

E           

  , ..,      (VNS),  

          ,

 (R  ., 2021). I   ,    

     TMS,        

 ,           

     (R  ., 2021). T   
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              

       (IPG)     

 IPG    IPG -    (R  ., 2021). W 

   ,     ex vivo    TMS

     2-10         

(DBS) IPG,         2     

   IPG (R  ., 2021). O  ,     

     VNS IPG    TMS  (R  ., 2021).

R  ,    TMS     

  ,          

 MRI  R  . (2021)   ,    

     AE, TMS        

  . W    ,    

TMS   --8        , VNS

,    ,     TMS     

 10    ,    IPG (R  ., 2021). TMS 

            

        IPG,    

        (R  ., 2021).

2.7 Outcomes’ variability

A           

TMS       ,    

         . B , 

      ,     

            . T

      ,    . T

  ,   ,  ()      

     . W       .

Coils

I     TMS ,         

   ’  ,     ,    

 . TMS        , 

       -    

  . T         

      . T      
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-  -   (   

)          ,  

     . T      ’

,           ,

    . T,         TMS

             

(V-C́  ., 2017).

L,   ,       TMS 

       ,    TMS   

     ,      .

T           . H, 

    -  - TMS     

,    TMS  (V-C́  ., 2017). R 

,  --  (O C),   

 ,   -.

Interindividual variability

A  ,  TMS     , 

 ,    ,         

. T      ,      

       - . T   

        -    

        . T   

         ,    

        .

Age and gender

T            

 TMS     . H,     ,

   - TMS ,  -   

   (V-C́  ., 2017). I   - TMS

,          .

N, P  . (2003)      

 ,        

TMS    .

T            

   TMS ,  ,     

        (V-C́  ., 2017).
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F   ,    ,   

   ,    -- . T   -

   TMS             .

T           

         . T 

      MEP     

         (V-C́  .,

2017).

N,          

    TMS   ,      -

- ,         

  .

Individual excitability and neurophysiological traits

B    -- ,     -

     ,     -

      . T    -

         -

    ,   ,    -

//  . N,     

     . F -/- -

,          TMS 

   ,       

        . D   ,

 ,        -

   TMS-      

 EEG (V-C́  ., 2017).

A        ,     TMS

,           .

TBS ,            -

,   ,      

      . W   ,

   TMS ,       

           

           , -

    (V-C́  ., 2017). N,   
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TMS               

      - .

White matter connectivity

T      . A   

 ,          TMS

  ,            -

       ,       

          , 

  . W          

 ,      ,      

    . T   TMS    

 ,  ,  ,       

  .

A   ,      -

           

  TMS           

 (V-C́  ., 2017). T    Q  . (2015)

            ’

    (V-C́  ., 2017).

Genetic phenotypes

A    ,        -

  TMS . TMS     - -

        . A    S

2.3.2.4,      -   

TMS            

     . H,    -

,   LTD  LTP      - .

T            -

    ,   , - -

 /,  ,  ,   

 ,          

(V-C́  ., 2017). W       

         . I   

 -           -

     TMS. O     B-D

N F. T        , 
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    , ,  , 

. I    ,       

  ,       TMS  

 ,          

       TMS      .

T,         ,    BDNF -

          ,   -

,         (V-C́

 ., 2017).

State dependency

A          

  . S       ,  

             

, ..,           ,   

        . S       

          TMS  TMS

           . I   

              

TMS          , 

            

      TMS  . S  

,    ,   TMS     

            ,

  TMS          

        ,   .

T ,           (V-

C́  ., 2017).

W          

    . B      

,       ,     -

       . H,    

            

   ,       -

        (V-C́  ., 2017).

T,  -         

 , ,        

  ,         

42



C 2

    TMS      (V-C́  .,

2017).

2.8 Coils

C       TMS . T   

            

   . S     ,  ,

..,            

  E-   . I       

    -  ,     E-,   

    . I  ,     ---

 ,    ,   ,     

          

  .

2.8.1 TMS coils

Circular coil

T      TMS . C    

 -        ,   

     F 2.15 ). T    

      ,       

          (R  ., 2002).

T    ,   ,    ,  

- ,     (V-C́  ., 2017)

(S  ., 2009),      F 2.15 ).

T             

 ,  ,    ,     

      . H,    

’ ,     . A    

B  C (2019),           

   . N,     TMS,  

              

  . B       ,  

     TMS   , , ..,   

          
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(a)
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Figure 2.15: a) M  . b) S    M 
,        . A  (
B  C (2019), D  . (2014)).

.

Figure-8 coils

F-8          . D

 U  . (1988),            -

      TMS  ,   ,

   (W  ., 2017). G    --

 ,        ,   

             , 

  F 2.16 )  ),         

     (K  ., 2017) (R  ., 2017).

T            

  ,         

 (          ), 

     (V-C́  ., 2017) (S  .,

2009). T        FDA 

   (D  ., 2014). O  ,    

          (  

   ),     ’  (̸= 180o),

 ,            

   (R  ., 2017),      

 . T,            

 TMS ,    , ,   

  (W  ., 2017). T  ,         
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         . N    

           

 -8          

         (R  ., 2017).

(a) (b) (c)

Figure 2.16: a) S    M 70  -8   -
      . b) I    
      -8    . c) M -8 .
A  ( D  . (2014), R  . (2017), B  C
(2019)).

2.8.2 Deep TMS coils

T         

      . I    

             

    -   (W  ., 2017). T 

     ,   TMS,     

         . A  ,

TMS          ,  

     , ,     

. T           

 TMS  (-8   ),       

  (R  ., 2002). N,   ,    

,      TMS     

  .

T          -

      ,       
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  ,    ,     ,  -

,   ,  R  . (2002)    H- (H-).

T    R  . (2002)        

  ,         

      ,    

      . W    ,  

             

            

   . A     ,  -  

       ,     

    R  . (2002)       

       (R  ., 2002). N, 

  H-        ,    

     ,       

 (T  ., 2016).

T H1-           FDA -

     -   . T

              . I E,

 H1-           ,

   ,  -  ,  -

         (T  ., 2016).

C   ,  H1-       , ,

    ,     . F 2.17 )

            

 H1-, , , ,     

  . B  H1-,     H-    

E      ,   A’,  ,

 , P’,  ,    (T

 ., 2016).

N,     H-      TMS 

     . O ’  

’      ,    . T

      -8       95  ( 

’ )    ,    F 2.18,  

       3-4  (  )   

 TMS ,     (L  U, 2017)(R

 ., 2021).
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Figure 2.17: a) C     H1-. 10    ,
         120%   -
. R          .
b) S    H-. A  ( T  . (2016), L 
U (2017)).

I    D  . (2014)  TMS     -

,           ,  

    (6  )     10-20 

 , D  . (2014)         TMS

           

  (D  ., 2014). A     D  .

(2014),             

           TMS .

N,            ,

           

 .

A ---       H . F 2.19

       H ,     

      . T      

   - (L  U, 2017). G    

   ,  H      

   . O      H    H

  (HCA) . T       ,  

     (H ),        

47



C 2

(a) (b) (c)

Figure 2.18: a) S      ,   
     . b) M   . c) S
          . A  ( D  .
(2014), B  C (2019), L  U (2017)).

. S   ,  H -8 (HFA)    

 L  U (2015). T        HCA, 

       ’      -8 . B

    H       :   

  . T ’       ,

         . F 2.20 

   ,         

 W  . (2019)  L  U (2015) . I  - 

           TMS , G-

T  . (2020)    HCA  HFA    

             .

O              

   TMS         . I

,  HCA        ,  

   ,    HFA  (G-T  ., 2020). T

-    HFA   L  U (2017)     

    HFA ,        .

B        -8         

, L  U (2017)         ,

      ,      

 F 2.21           

/       .
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Figure 2.19: S    H      . A
 W  . (2019).

(a) (b)

Figure 2.20: a) S    HCA      . b)
S    HFA      . A  ( W
 . (2019), L  U (2015)).

W  . (2019)         

        . T     

  H ,       H  . T   

  HCA          HPC   HMTC

. T HPC      HCA       

       . T HMTC    

   HPC,          

   ,        ,  

   . A         

      F 2.22. T     

 . T HPC         ,

  HMTC           

-   (W  ., 2019). T     
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Figure 2.21: S    HFA    -8   
   80 ,     . A  L  U
(2017).

       (30   60 )   

           HCA, HPC,  HMTC 

         H . T  

       HPC  HMTC   ,  

  HCA  HPC          

  . N,  HPC  HCA     E-

   , , ,   . G   HMTC 

            

       HPC ,     

    ,   , ,   ,  

              

    (W  ., 2019). T  ,     

  , ,   ,      

 .

S   TMS      

     ,       

            /  

. S  . (2020)     (TI) -

         . T 

         -  

(    ),     . T -

               

       . T  

,    ,      F 2.23.

50



C 2

(a) (b)

Figure 2.22: a) S    HPC      . b)
S    HMTC     -. A  W  .
(2019).

B          ,   -

 ,       - 

. A   G  . (2017),     , ,

     -  ,   

       . H,    -

   ,         ,

    (S  ., 2020). T   -

   ,     S  . (2020)  

,    ,       TMS  

   .

S  . (2020)       TI-TMS -

,     (   -8 ). T  

TI-TMS            -

,         90-    ,

     ,         90-

        ,    180-

         . T     

TI-TMS           

,       -8 . A  

,  TI-TMS      -  

 . H,      1.4       ,

     TI-TMS      

  -8 ,       . N, 

       ,     
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TI-TMS   .

T             

              

       . T   

            ,  

             

,         (S  ., 2020).

O          ,  

        - ,   

    ,          -

,      ,     (S

 ., 2020).

Figure 2.23: S    ’ ,     +, 
  ,   . A  S  . (2020).

I             

             .

F , J  A (2019)      

               

           

               . S

       ,    

               

,   ,    F 2.24 )  ).

I             ,

               ’

     . B   --   

 - ,  20-        

    HFA ,        F 2.24. W

         HFA ,      

             
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    40  ,    F 2.24 ). T  

  20-            

     HFA      .

T           20- 

           HFA ,   

  20-           

         (J  A,

2019).

T       DTMS  TMS  ,

             

           

 (J  A, 2019).

(a) (b)

(c) (d)

Figure 2.24: a) B     ,   ’
( )     . b) S HUGO  
          2   . c)
S 20-    HUGO -. d) R  
40o  H -8     HUGO. A  J
 A (2019).
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3

Potential and eective clinical

applications of TMS (simulated,

studied and legally approved)

TMS           -

   . T      -

   T M S     

    TMS     . I  , 

  ,      TMS   

 ,              

          ,

            TMS.

3.1 Substance use disorder (SUDs)

S   (SUD)         

  . T   TMS  SUD     

’           , ,

      , ,   (D  .,

2017). M , TMS         

,        -  -

     (PFC),     (ACC), 

,  ,  ,  ,   

     (VTA) (F  ., 2018). M    

    ,    F 3.1,    

     TMS  (F  ., 2018). H, 

  TMS          

      .
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(a)

(b)

Figure 3.1: R         -
 ,      . D 
  ,      b) are the hippocampus, amyg-
dala, and hypothalamus. A  (F  . (2018), W (2015)).

3.1.1 Alcoholism

A       2.6%. T  

      ,      

     (P  ., 2020).

A  . (2017)     TMS    -

  (DLPFC)  D T (DAT)    -

   A U D (AUD) - . D

            

    . DAT      

          

. A     DAT       
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AUD (A  ., 2017). P     A  . (2017)

     TMS       

D , ,  ,        -

        

     . T   A-

  . (2017)        AUD   

TMS, ,    ,       DAT -

. T      DLPFC. T      

      ,  TMS . T

,           

 (A  ., 2017).

I  ,          :

   . F   - (10 H) -

        , 3   ,

 4 ,     12 TMS . F    H-  -

, , ,     . T  

 S P E C T (SPECT)  

 DAT , 24     . A  4   TMS

,      SPECT    DAT

,  24     . I  ,   

SPECT ,          

DAT    . T      

  SPECT     AUD .

R   ,       

   ,      . T    -

       . R  , 

      ,      

              . I

,       ,   , 

    ,          .

C  DAT            

  ,   DAT      -

   ,   ,     

. H,   4- TMS ,   DAT  

           ,  

   DAT   . T  

  TMS         -
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 ,         

-    (P  ., 2020).

A ,  G  . (2015),     - TMS

        AUD. T  

         AUD    - TMS

,       . D  ,

10   - TMS ,  10    -

 . 20-H TMS      - TMS -

 . T       DLPFC,  

           (G

 ., 2015). P   -  TMS (TMS-AO)  20 -

  TMS, 5   ,     4 . A    

     ,  , 1     TMS

,         

   ,     TMS    TMS-AO .

T           

      TMS-AO . T 

         (  4 )  

TMS-AO ,      . H, 

    6- - ,  TMS-AO  ,

     ,     

 ,         

.

T       - TMS    

      AUD,     

       - TMS ,

        ,  

    - . H,    , 

     ,        (G  .,

2015).

3.1.2 Tobacco

T      W H O (WHO) 

          . I    8

      ,   7     

      ,   1.2   -
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  -  (T, 2021).

L    ,       ,

        ,   

     - . M   

      ,      

. H,           

 ,      85% (D-K  ., 2014).

N ,    - ,   

,   -      (D-K  .,

2014). T           

  . N     , 

       -  ,   

 (PFC)    . B ’    

 ,        - 

    . C    -

      (D-K  ., 2014).

T  , ,   ,      

-   . K    TMS  

       ,   

       .

D-K  . (2014)     115    

 20 /      . P -

    ,   ,  ,   

  -      

            

. I         

   PFC     TMS   

.

T PFC    -        

. T            

   - TMS    DLPFC  

   . T      

     (D-K  ., 2014). T     

   PFC,    F 3.2,       

            

            . T

                -

59



C 3

  (D-K  ., 2014). S    

   TMS ,   -8,      

    ,      ,  

, D-K  . (2014)          

   PFC, , ,     . T 

    -, -,   . T

              

          . T ,

       6  . T

 3  TMS  (-, -,  ) 

2    (,  )     TMS  ,

    6 . O  115  ,  77  

 . T     -  -

 , , 10  1 H. E     

  10    2   3 - 

   . T          TMS .

T             

  .

W     ,      

   , ,  . T -

            

    ,      -

    6- -. C   

           - ,

    -   . H,    -

    - ,       

            

  ,   ,       

. A  6- -,       

     -     ,   -

     - . I   ,  

       10 H . T   

   TMS -      

,    ,      ,   

6- -,  44%  33%, .

T ’      PFC    

     - -   ,

60



C 3

 262          TMS  

B H4-    PFC  ,   -- TMS

  ,        -  .

T    FDA   B’ TMS H4-    

 -   (Z  ., 2021), (B, ).

Figure 3.2: T               
PFC. S         . A
 W (2015).

3.1.3 Cocaine

C   (CUD)       (C,

2021). A      -   

 ,    , ,   ,

     ,      ,  -

  . C       1-3%  

,       U S     

(C, 2021).

C   CUD    ,  

       . S

        

   , ,      - (R

 ., 2016). W         

          , - 

          -
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    (R  ., 2016). P, 

  CUD          

      ,  ,  

,    DLPFC,     (PFC),  

A C C (ACC),        , 

  F 3.3 (M  ., 2018). TMS   -  -

    - ,     TMS

          CUD-

  .

R  . (2016)          -

 TMS      CUD. T    

 CUD  TMS ,    ,   ,    

4   12 . 20 H TMS      

DLPFC      . A    

    ,     ,   

    .

D  - ,  - VAS   -

            ( ,

 ,    (-)). F    -  

  -          (VAS) ,

    . A  - ,   

    - VAS      

,      VAS ,     

   - VAS     .

T ’         

TMS . T   - TMS       

          .

H, R  . (2016)       ,   -

          

, ,  . A,      

             .

T,              

 ,           

    ,   (R  ., 2016).

T    TMS      -

      R  . (2016)     -

       . H,   
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- -     - VAS , 

        (R  ., 2016).

I         ,    

      .

B  . (2016)   -   , 

10             

TMS. T      PFC,    

   ,        . T, 

 TMS   - 10-H . T  

    12 TMS   4 ,  3  

 ,          . C

    ,      (1 ),   3 

6       ,   -. T   

   ,         -

   ,      

  (B  ., 2016). T      

            

’    . H,      

       ,      ,  

        3- - , 

  6- - . I ,      

   3- -   6- -,    

,            

. T  ,        ,

   TMS   PFC    -  

     CUD.

A        - 

    M  . (2018). T     

    TMS   -   .

T      ,   - ,

      CUD      ,

  ,      . T , 

-        .

F  , 18      TMS : -

(10 H), - (1 H),  . T    

  ,        6 .

TMS        3 ,  ,   
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 13 TMS . T         PFC

  ACC,     ,    ,

       CUD (M  ., 2018).

T  -     . T 

   ,    4    (    

),          13 TMS ,     

   . TMS          

- ,        

 TMS  . I   - ,  

            , 

   0     9. T  ,   ,

   9    ,    : 12  

  $5. E -     14 . T

      ,   0  100.

Figure 3.3: A           
  ,  ,  ,   ,  
DLPFC, PFC,  ACC. A  W (2015).

T            -

    - ,   3 . I   ,

    ,    - , 

     . H,   - , 

       . B      , 

         -  

-     ,     
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 - . C  -    ,

     . R   ,

           3    

 2,            TMS

.

L    ,         

  - TMS       3- -

,    -    (M  ., 2018).

A          - , -

         ,      

. T           . H-

,          ,     

  ,    ,      

(M  ., 2018).

O,        ,  , -

, - TMS     PFC     

    CUD. F     

           

       CUD (M  ., 2018).

3.2 Alzheimer

A’  (AD)       

  ,           , 

            (A  .,

2016) (Z  ., 2019). I         

,     ,      ,

            

’  (Z  ., 2017) (Z  ., 2019).

A’        ,  TMS

           , -

,  . G        

AD,         

 (Z  ., 2017). TMS         -

   ,       

     AD    .

Z  . (2019)     - TMS 
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       (CT) . T  

        TMS-CT  ,    

 (ADL),   ,    

         (Z  ., 2019),  

          

. T,       AD  

      : - TMS  CT,  

 CT. H,  28     ,  2 

    . T      DLPFC  

    (LTL)  20   ,    , 

4 . T  -  : ,  

,     . A     

TMS    ,       

     . T  TMS    10

H . D  ,         DLPFC

     LTL . I    TMS , 

   CT    1,   .

T       ’ , ,

    TMS,       .

T          -

 ,       - (4    ).

T      , A’ D A S-

C (ADAS-),         

      ,      . T  -

           

 ,      . I     ,

     N I (NPI) 

     TMS-CT ,      TMS-CT

,        -,    - -.

T ADL , ,        -

      TMS-CT .

T      TMS-CT     DLPFC

  LTL      N-/ (NAA/C)

    TMS-CT ,     TMS-CT ,  

     DLPFC,        LTL,  

  -  . T    

  / (C/C)  / (I/C)   

66



C 3

  . I   DLPFC,     -,  -

          TMS-CT  

  TMS-CT ,    (..,     

 )     TMS-CT . H,   -

    LTL,       TMS-CT

    TMS-CT    . A  

        NAA/C     

 ADAS- ,        DLPFC ,  

      LTL. T     

  ’ ,     NAA   

  ,      ,     

   DLPFC. T       

,    AD,     

    (Z  ., 2019). B ,   

 NAA           -

 ,           

 (Z  ., 2019).

T           -

 ,  /  ,    

   DLPFC. I       DLPFC,  

  LTL,   ,        

TMS-CT . A         

AD     ,     ADAS-,   

 ’ ,         

 ADAS-,     ,   -  

A’ C E (ACE-III)  ,  , 4 

  .

E        ADAS- - 

   ,   ,     

  ,      . T

           

   ,    ’  ,    -

     (Z  ., 2019).

T  ’      ,

     ,        DLPFC, 

       LTL , ,        

AD ,            
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  ,           TMS

(Z  ., 2019). C  ADL ,      

6   TMS    DLPFC    I

D L A  . S       

  ,      

        (Z  ., 2019).

O,            4

  - TMS-CT   ,    -

 ,       AD,    

  ,        DLPFC. G 

     AD       

, TMS-CT          

AD,        DLPFC.

Y  . (2015)   -, , - ,

     - TMS,     DLPFC,  -

      (BPSD),    

  AD. J       Z  . (2019),  TMS

      ,   . T  -

         :    

20-H TMS,     TMS. T    27  ,

       26    . A  

        (1   

 ),     TMS . T    

       B P  A’ D-

 R S (BEHAVE-AD),    ,   ADAS-C,  

 . T ’        

,   4   .

T      ,  4 ,      

   ,        

 . H,        

       BEHAVE-AD,       -

 ,    ,   ,     

 ADAS-C. E          

           ,

            

,  4   ,     20-H .

T     4   - TMS   
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DLPFC          BPSD  -

     AD. H,   ,  

 ,   BEHAVE-AD ,    -

   4   . T     

         AD  (

-        ),

        TMS  (Y  ., 2015). A-

           

         ,

     BPSD    AD    

      ,  BPSD  -

       (Y  ., 2015). T 

, ,   BPSD     , 

,  ,        -

          

,   4    (Y  ., 2015).

O, -    -      -

   , ,    

  AD,         -

,        .

B         DLPFC  

 . I  ,       , 

   ,     

. T DLPFC         

 TMS       AD . E

             -

     (H  ., 2018). T DLPFC    

    M D D,   ,

 . B           AD, 

       . G   

 ,  AD      ,  -

           ,  

     ,    

           

 DLPFC,            

 (H  ., 2018). T,       -

          AD 
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          

     (H  ., 2018).

A   TMS ,   NAD,  

     DLPFC, B’ , W’ ,   -

   ,     . S-

   ’     

    ,      -

  ,     DLPFC,     

   AD (H  ., 2018). O    

          AD.

G      , 

           TMS  

 AD. I ,  B     H2-,  -

        ,   

  E U   CE        A’

 (B, ).

Figure 3.4: R   B’  W’    , 
     ,   . T
        , -
       . A  J (2016).

T      TMS     

        . I  

        AD    

 TMS. I      , 

    ,        
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      ,       

   . I ,     

          ,   

        AD (H  ., 2018).

3.3 Schizophrenia

S         24  -

  (S, 2022). S     

  :   . P     

 ,    ,   

     ,    ,   ,

. (F, 2014). TMS       -   

      ,     -

   , ,      .

K  . (2013)      30   -

     TMS (15 )   A-

 V H (AVH)  (15 ),  10  .

T           TMS  AVH. AVH  

          -

        . A  

   (PAC),  B’  W’ ,   -

  ,    AVH    (K  .,

2013). I ,   ,  TMS       

AVH,     , ,    .

H,  K  . (2013),       

   .

T    (A S)     

     ,   ,  

           .

T            

    AVH,        

,    AD (K  ., 2013). F  ,   

  A S      TMS   AVH.

T           

  TMS ,     . T  TMS   

 TMS :    - (1 H) TMS,  
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  TBS,        30 H. B 

   10  . F  - ,  -

      ,    TBS ,   1 

 3  ,     ,  ,    3

  10,   TBS     . AVH  

   P S R S (PR),   

 :    ,  20±6 (, S ) 

    . T        

    ,       

   (MR-ASL). T      -

   (CBF)       (K  ., 2013). T

       20 ± 6 (, SD)    

   20 ± 6 (, SD)      .

T PR          -

 . F  TMS ,  PR  ,   ,

    . B  TMS ,   

     PR . I    CBF -

,   TMS        PFC, B’ ,

     , ,    ,  

   CBF         . A 

   TMS’   ’ CBF      

  ,    TMS      -

   CBF       . A    

   CBF   PAC  ,    

B’        CBF  . T

   TMS    S  AVH   ,

            

 ,  TMS       AVH  

  (K  ., 2013).

A -      L  . (2016)   

   - (10 H) TMS    DLPFC  

’  . T, 47     

   : 25     TMS  ,  22

    TMS  . T   

       ,     

,    . T       

     S   A  N S (SANS),
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Figure 3.5: I   3D-     
        A    . a) P
 . b) A . A  (R (2016), H  . (2009)).

 P  N S S (PANSS). T   

  ,  4   ,   4     

.

A     SANS       TMS 

  4-  8-   . F   ,    

   SANS        . A

 4-  -,       

   SANS      SANS’   . H,

  8- ,      SANS     

TMS   ,       

 SANS      . T     PANSS,

,        ,   

4-    8- . T       

          PANSS (L  .,

2016).

T         TMS , 

      TMS      

     . T  , ,

             ’ -

. T    TMS        4 

  ,       (L  ., 2016). M, A

B’ TMS         

     ,     ’ CE .
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3.4 Migraine

M       --  

(M  ., 2013). A 2%       

. D           

 ,           

,      (R  ., 2016),  -

  .

M        , -

,   . E      - 

TMS       ,     

 TMS       (M  ., 2013). M  .

(2013)     - TMS   . F

 ,  , -, -   

       - TMS   . A

         : 50    -

 TMS ,    50    TMS . 93   

 1,  7    . 98     

  ,     1    

 TMS. T    3      , 

 . T      TMS   10 H. T

              digiti minimi

(ADM). A          

    . T       

  ,     VAS,   50%. T 

   ,  ,   . T

    ,    TMS  , ,

     4th . A     

   ’  ,       

- , 1    TMS .

T  ’        -

         TMS ,  1- -.

H,            

TMS ,  78.7%    TMS ’    

     50%,     ,  33.3% 

1Sensory disturbances that typically include vision changes (ashes of light, blind spots, among
others) or tingling in the hand or face. These disturbances usually strike before the headaches.
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    ,  1- -. R  

,           

 TMS ,  1- -,  76.6%      

      50%,   27.1%   

   . C  ,     , 

          TMS ,

           (4th ). I

            

 ,      .

T  ,   1- -,    -

       ,      

    ,         TMS

. A           -

,    ,    ,      

4th .

E    TMS     

      ,   1- -,   

   TMS        . C-

   ,     - TMS

     ,   VAS ,  

,     1- -, , ,   

    10-H TMS        ADM  

.

L M  . (2013), K  . (2021)     -

 TMS      (CM) ,  

   - TMS     

 CM . C, 20 - CM     

. T     , ,      TMS

,    TMS . F   TMS , 10-H   

    . T TMS   , 5   , 

   2 ,     .

K  . (2021)       -

   CM   . H-  -

    - ,   VAS 

 M D A (MIDAS), . H  

     (-, -, 3   -

),  -        
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3- -. A        T -

  (STAI)   B   (BDI), . T

          -

(), -,   3- -. M   -

  ,   -8      

(M1),      ,  - . G

     -     

(K  ., 2021),        , -

           

(K  ., 2021),     ,   M1,

            ,

 TMS ,    . A  

      . B    -

  -, -,    3- -.

H  VAS       

 - ,     - ,   

TMS . N    -  - 

,    TMS ,      ,

,  ,    . N    

       VAS     TMS .

H       -   

TMS ,      . H- , 

  MIDAS ,        -

  ,       -   ’

.

R     , STAI    -

      TMS    -. I

,         TMS  

. T          

,   BDI. T      -

         TMS     

 . T -     -

     - MEP   110, 120, 130,

140,  150% RMT     TMS  . A, 

MEP           TMS

       .

L    M  . (2013),     
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,  /,  -   -

    TMS ,      , 

   TMS          -

. H,        

 . S       

  TMS   DLPFC (K  ., 2021). A,  -

         

      .

3.5 Obesity

O          , 

,   (N  , 2021). H     

  - ,    -  

   ,       (N, 2020).

O             

  . N,     ,  

   - . S,      

   PFC     - 

   ,   PFC       (F

 ., 2019). A     ,    ,

       (F  ., 2019). D

      TMS,     

        PFC  TMS, 

             

(F  ., 2019).

F  . (2019)     TMS     

     . F  , -, -

 , 33    . T    -

      . T   -

 TMS (18 H) , 10  - (1 H) ,

 10   ,       

 PFC  ,      F 3.3  3.2, .

A      5- . D  ,  

 15    ,     3   . N

, ,        

 (1 ),  TMS    . A,  
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1-    ,         ,

      -  .

T           5- TMS

         ,   

         /

,  ,    . T   

      ’  , 

,  ,   (    -

 (REE),    (RQ),     

(AEE)),   ,     (, -

  (HA1), ,  ),     

  (, ,  , -, , 

). F     ,      5-

,    1- (- 1), 6- (- 2),  1-

(- 3) - . A       

   ,        TMS , 

  - . REE  RQ    ,   15, 

 - 2. AEE       5- 

,    -    . L 

    ,    TMS ,     -.

O  33     TMS , 31  - 1,

24  - 2,  17  - 3.

F          -

   ,   HF       

 . B   BMI     -

    ,   -    

. T HF ,    - ,   -

      BMI. F   ,   

          RQ,

   REE. S   (SBP)    

   ,      (DBP), 

       . C    

,     AEE     HF ,    -

             

, ,         . M 

-       

     ,    ,  
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    HF    . M- 

  β-          

. F   ,    -- -

   HA1  .

T            

  HF TMS ,        1 ,

   TMS . R        -

’          . T 

,     ,    ,  

        , 

       β-  ,  

HF TMS ,       

(F  ., 2019).

3.6 Obsessive Compulsive Disorder (OCD)

O          -

 (Z  W R, 2017) (C  ., 2018). I   

      (  -

       - ) (H

 ., 2016),            OCD 

(L  ., 2018). A    OCD   - (40-

60%),     ’   (Z  W R, 2017)

(C  ., 2018). G     - OCD ,

    ,  TMS.

H  . (2016)     TMS     

(SMA),   F 3.3,        -

 OCD. T     OCD  . A

 H  . (2016),      OCD’   

         ---

. H-        

 ,     ,  ,  -

,  ,          OCD’ -

  (H  ., 2016). T    SMA   

  OCD     ’    

     TMS   SMA,    

          (H
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 ., 2016). T   H  . (2016)    

-       TMS      (SMA)

       - OCD. F 

, 23   . O  23, 22    

    TMS      TMS . T  

  - (1 H) TMS. B   25 TMS ,

    6 . T     SMA,  

  . T        

    OCD    Y-B O-

C S (Y-BOCS),  C G I S (CGI),  

H D R S (HDRS-21). T   - , 

   B  T   . H, 

 B        . T

      (-),  

  ,            . T

            ,  

   ,     ,     -

.

Y-BOCS       ,   

     ( 25),       

 TMS . M,   -  - -,   

     ,       

 . T       .

R   ,   - -,  Y-BOCS  

         ,    - -

,   ,         

 . T HDRS-21  CGI      

    TMS ,     ,    -

- ,        , 

         .

T         Y-BOCS  

   TMS. T  ,    TMS -

,    ,    , 

 Y-BOCS,       . H,   TMS

,             ,

, -  . T       -

 - -. T     SMA TMS 

80



C 3

         OCD (H  .,

2016).

A        OCD  TMS 

 DLPFC,    F 3.3. G   OCD  

      - ,  

 DLPFC, S  . (2016)    - (1 H) TMS 

  DLPFC       OCD. F  , 28

  ,           

  ,      , 27 . T 

       TMS  (1 H)    TMS

. T   3   TMS ,   , 5

  . P’        

     . T      

   YBOCS (   ),  CGI,  -

H D R S (HAMD),  H A R S

(HAMA),   B D I (BDI). T   

         . T   

           

YBOCS ,      . T   

       ’    HAMD, 

  2 ,   CGI,   3. N   

  ’       HAMA  BDI .

A       ,    PFC 

 ACC  B’ H7-  FDA      OCD’

,         

  OCD . A , , -, -

      H7-   

OCD’    - ,      

  (B, ).

OCD’       . S  -

  OCD’   ,   ,   

  SMA   DLPFC. D ,  FDA-  

,     PFC   ACC,     

     B’ H7-. A   

 ,          -

 ,     OCD’     

,    ,      
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  ,       ,   

   ,   .

3.7 Post-Traumatic Stress Disorder (PTSD)

P-   (PTSD)     - 

  , ,    ,   -

       (T  ., 2016). C

,    ,      

        (T  .,

2016). H,   -  ,     

,      ,  TMS,   

 ’  .

I   TMS   PTSD ,   DLPFC    

    (W  ., 2012),   DLPFC 

     F 3.3. W  . (2012)     10

TMS     DLPFC  PTSD . I  , 20 PTSD

       TMS    TMS  (1

H). PTSD , , ,    . A 

   , PTSD         

  ,      ,

    PTSD     . D   

       ,    ,   

  . T  ’       

       ,     

. N            , 

   . F-    ’ 

   2       ,    

  TMS    . T,     

   1-H TMS    DLPFC    PTSD, 

     .

A TMS      PTSD    PFC,

   F 3.3. PTSD      -

,            

         PFC   

 (I  ., 2013),   PFC -  -

    - (I  ., 2013). T, I
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 . (2013)       - (20 H) TMS 

  PFC  30     PTSD. T  

   3 ,      . O 

 TMS  -     , -

   -     . A  

TMS  -     ,   

-     . T     TMS 

-     ,    -

     . T       

PTSD   . A  -    

           ,  

    ,   , , .

T    3   ,   4-   .

A  4   ,     TMS  

 -         -

  PTSD   . A     

   PTSD          

 . T    PTSD ,    

TMS  (  -    - ) 

        2-  2- -,  

       .

G      ,     

PTSD’     HF TMS   PFC,    

     (I  ., 2013). A  

     B’     CE (B,

), PTSD          ,

         . O TMS/TMS

          

           ,    ,

    .

3.8 Stroke

S         - -

     (F  ., 2019). W,   

    . D        ,

   -    ’  . S’
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        

           (F  .,

2019). B ,           -

         ,  

       . I ,

        (F  ., 2019). G,

    -        .

A        TMS’   

,  F  . (2019),       

 TMS        ’  ( 

     ):   , 

,    , , ,  , 

. T ,  F  . (2019),     

-  - TMS .

A      , ,    -

   ,  , TMS    ,

  1985  2015,    R  . (2018). T -

    TMS    - ,   TMS

 ,       , 

       (R  ., 2018). T

         

 ,        . T -

       ,    

  . L- TMS      -

 TMS         

   ,    ,  

      (R  ., 2018). T  

R  . (2018)         

, , , ,   ( -

 ),  ,   TMS ,  .

B        TMS   ,

,         -   -

 ,        

           

(F  ., 2019). I , B’      TMS

H-             

      ,     
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CE   -  (B, ). H,  

  TMS        

         .

C     -     

    . K  . (2015)     

 5-H TMS       ,     

  F 3.3,  18     . T 

 ,     -   TMS,     -

. F  -  , 6     

        . T  -

      ,     ,   

      . P     

  TMS,    ,      

    . W    -  ,

18    12- ,  TMS     .

P       TMS ,    , 

     ,     TMS ,  .

T     TMS .

T ’        ,

     ,   3,     

   8th  9th . F   , 27.8%   -

   (70%    ), 33.3%   

  (40-69%  ),  38.9%      

   40%. T    TMS    

61.1%     ,        

  (K  ., 2015). I ,   

      1 . T    -

  :    ,     ,

    . O       

- . N       

    3- ,   -   

       - .

T ’     -   5-H TMS  

   ,      ,   

 (K  ., 2015). T , -   

,           

.
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D,        (MDD),   

    ,       

   ,        (S, 2018)

(L  ., 2009).

R     ,   

- ,         

. H,        TMS  FDA-.

B     U S  A  TMS    -

  MDD. I   E , TMS   - 

 .

W    ’ ,   

   ,    DLPFC  ,   

DLPFC   (R  ., 2018). C ,   

TMS    MDD   DLPFC (B  ., 2019),  -

    DLPFC       (C

 ., 2018). L  . (2015)   -  -

  ,   181 MDD  . T 

       TMS     TMS .

T      DLPFC,      

  ,   ,    . D   -

 , TMS    , 5   ,  4 ,

  . T      TMS   ,

    ,  , 48   ,  12 . T 

TMS   18-H , ,     

TMS. T    ,  ,  , 

         .

A  4    ,        

,           

      . R   ,   5-

 ,          

. A  16- ,    ,   

           

,        ’  ,   

 . T         

       TMS. H,     
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         ,    

,   ,      ,   

    .

T  ’         

- TMS    DLPFC  MDD     

   , ,       B-

’ TMS   H1-    DLPFC   FDA 

    MDD. O,       

     (B, ).

L    ,     -

  MDD’      -   

DLPFC . T          

   -    N A  E

 (B  ., 2019). N,  ’ , 

TMS   MDD’  ,     

  (B  ., 2019). A     B  .

(2019)         TMS 

 MDD ,           . A-

  B  . (2019),       

         .

A TMS (TMS)        -

 . T         

. A - (HF)    -

 (TBS)          

       TMS. V   

       (B  ., 2019).

C         TMS ,  

             -

, , ,    . T   

   TMS  (B  ., 2019). H, -

          ,  

      5- 2. F    -

          

            

2Technic used to position the TMS coil on the scalp over the DLPFC area. It consists of evoking
a motor response in the rst dorsal interosseus muscle of the contralateral hand, and then moving
the coil 5 cm in an anterior direction along a parasagittal line.
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     TMS   MDD (B  ., 2019).

S           - 

 H-. TMS          

       (B  ., 2019),

               .

B  . (2019)   ,   TMS

  , ,   , 

        

,     (   ,  

,    ).

M TMS (TMS)         

TMS          ’ 

,           

3   5  (B  ., 2019). H,   

   ,    ,      ,

     TMS’       -

    (B  ., 2019).

F, B  . (2019)       TMS

,       TMS    

      (..,   -

       TMS,     ,

  -      -

,       ,      TMS

).

T            MDD

. A  ,       ,    

    . E  TMS    FDA- ,

      ,      

   ,           

   .

3.10 Multiple Sclerosis

M S         

   (S, 2021) (A  C, 2017). I  

      ,      , -
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           . T 

       ,  , , , ,

  (S, 2021). A      

 ,           

(S, 2021). TMS,  ,         

,    , ,  , 

   (S  M, 2015). I  ,  

      ’ .

S        MS   ,

 ,   (S  ., 2019). M , , 

  ,  ,  , , , 

          MS .

S   TMS     MS    

       MS  .

K  . (2019)      TMS     

         MS.

T-         TMS :

HF-TMS (20 H), TBS,     . F   , 

   5    TMS,     2 . TBS

     5-H ,       ,

  35-H ,     10 . T   

          . T  

         10  , 

         -,   2- 

 12- -. T      ,  

  -      . O  HF-TMS 

 TBS          

 ,   ,    2- -,   

    12- -       TBS .

N        . O   HF-

TMS      ,   , 

,  ,    2- -,   12- -

     ,      .

B  HF-TMS   TBS      -

 ,          TBS . O

 HF-TMS         .

A  K  . (2019),       
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HF-TMS   TBS        

    TMS        MS

.

M  (  MS )    -

  TBS  ,  A  . (2016). I  , 36 

 -      TMS   TBS  .

T       ,   F 3.3, 

      TMS ,    , 

  . T        

    ’ ,  ,    

    . T       

 . T           

 ’ .

A       TMS ,  

MS ,    R  . (2020),    . T -

           , 

 TMS ,  , ,    , 

,  ,      . T

TMS     ,     ,

 TBS   TMS. T   TMS    

B’   ,   - -  -

,   ,   (     MS

), ,   . B’   MS  

CE-,         -

  MS     TMS  (B, ). T  

     , R  . (2020)   -

        - 

        ,      .

90



4

The Orthogonal Conguration

immersed in conducting liquid: A

simulation work

4.1 Previous collaborative works simulations

O     TMS        

    . S--- TMS  TMS  (H-, -

8, .)            

           . T 

,       C 3,    

            

  . T,     -   

            .

T     -- TMS    

       J⃗  (RI)   

     --- TMS . T TMS -

         

   , LIP. A  ,     -

  ,           

.

T        5   -

   ,    ,    F 4.2. T

          ,    

   RI ,      S 4.2.1. T 

   TMS         ,  

,          ’ 

(S, 2015),    F 4.2. T      
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C 4

  ,         .

S (2014)        

   . A ,     14014070 3 

    , , ,   ,    F

4.2. A     ,       ,  

      32  50     , .

O  ,        ,   27.8 

  49.5  .

H,            -

 ,         . T, -

         ,   

         S (2014). T 

    10010070 3. T    

         ’ ,  

     45  ,   27  ,    

  44.5     22.8   (S, 2014).

A           

. T           ,

   F 4.1. C,        

S (2014). I          

,          949470 3. T ’  

   . C   ,   RI 

      56.2%    S (2014) .

T     S (2014)      -

   ’  . L   S (2015),

,           ’ .

T           ,  S-

 (2015),    ,    ,  - ,

   . I ,      

  ’ ,       

      . S  -

       ,     

,      F 4.2 ). N, 

        S (2014)

’       , ,      

 ,     ,      .

C        S (2015), 
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Figure 4.1: 1000      S (2014)  -
     . A  S (2014).

        . I S (2014)  -

, 5    . I S (2015) ,   

       . T     

         ,    

    ’ ,    F 4.2 ). I  

  S (2015)        

         . T    ’ -

             

:        . C   

          RI      

  E-    .

W       S (2015),   

    IA = 075I0, IB = −4I0, IC = I0, ID = IE = −I0,  IA = 03I0,

IB = −4I0, IC = I0, ID = IE = −I0,  I0 = 3184 A    

  --   (S, 2015). S (2015) 

          ,   

        . T 

   S (2015)  IA = I0, IB = −12I0, IC = 3I0, ID =

IE = −3I0 . E,     A     , 

B    ,   C, D,  E     
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,    S 2.3.1. F     ,  C 5 

6 ,     ’     S

(2015)      . F  

, S (2015)  ,        

        ,   .

W    ,        J⃗ -

            

 . T        : , ,

  (CSF),  ,    F 4.3. T   

      10 ,      , ,  CSF

  6 , 5 ,  2 , . T      

   ,      8.7-  (S, 2015). T

              

            

      ’  .

C   ,       

   , ,   , σ,   -

 , r. H,   TMS  ,   10 H,

      ,     

  ,        

      (S, 2015).

T     S (2015)   -

        ,    

   60% RI      ,  82%  72% RI 

   6   8 , . T    

          

    -8   H1-,    F 4.4 .

A   F 4.5,  J⃗ ,     

    ,        

J⃗   - . T   J⃗  5.40 A2  

   6 A2      H  (S,

2015).

F     ,         

      S (2015)  ,   

   5  6,        

          . A   
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(a)

.
(b)

(c)

Figure 4.2: a) N    S (2015). T 3 
    (A),   (D  E). T   
 ,     (B)      (C). T
         ,  
      ,  A. T -
 ’    . b) S   S
(2014)       . T 
             
 . a). T ’     ,    B.
T              .
T         A. c) F 
    S (2014). F    
 (     1  )    , -
,   . T         
    . A  (S (2015), S (2014)).
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Figure 4.3: R      ’  .
A    ,       -
, σ. T       
      .

Figure 4.4: P      (F-8, H-)   
     S (2015). P   

    , J⃗ ,       
,     . A  S (2015).

   2-     F 4.6,        

COMSOL M® AC/DC    C 5  6.
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Figure 4.5: C     , J⃗ ,    -
    (-,   -   ,
,  ),        S (2015)   -
  . B        
 ,         2-  
  . S: . I: . A: . P: . L: . R: .
A  S (2015).

4.2 Surface charge eect, conductive liquid, and

skull contribution

4.2.1 Surface charge eect and conductive liquid

I     TMS     ,  -

             

   . T       

              E-

 :    .

T         

       . T   

   ,    , σ. I 

      (E-),     

   . T      

           .
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Figure 4.6: S      3-    
    S (2015),       
    . T    , σ,  
. A  S (2015).

T            -

 , J⃗ ,     ,     

 S 2.3.1. T       ,   

            . A 

     ,      -

 ,    F 4.7. W  -  

     ,     ,   

     . T     

   ,          ,

, ,             (S-

, 2015). S   S (2014)      

 , ,        

      .

A   S (2014),   -     5- 

      ,    . T 

        ,     

   (, , CSF)       -

. I   ,           

       120     
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  . T           

  . T        -

,         ,   

      .

Figure 4.7: R     . I   ,
       ,    
    . T      -
    ,       ’
. A  O  . (2012).

T              -

          . F

4.8    ,        

     (F 4.8 - )    RI

          J⃗     

   . T        

    ,        

        RI        13.8% 

3.3%, .

A     S̃  . (2013)    

           -

  -  (σ = 0.11 S/),    ,   

. I S̃  . (2013)   -      -

 . T       ,      

-            
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Figure 4.8: R         
      . T      
     S (2014),       
. T            
     . T   
            
  ,         
             
 . I         
            ,
            .
T              
     . A  S (2014).

50       . T    -

  TMS  ,    --  ,

    E-      - . T

      . I   ,   

      , ,    ,  

         .

A     ,      ,     

    ,  84%  24%,     

 -        , 

(S̃  ., 2013). T        , 

           ( 

 )    ,         

       .
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4.2.2 Eect of tissue conductivity

A     -,      

            

   RI      . A  ,  

            

    D-B TMS ,    S

(2015). I             

    ,      , ,

 ,         

   TMS .

W   , S (2015)      -

           

(CSF). T            

    J⃗   . T     

 COMSOL M® AC/DC . T     

   ,  S 4.2.2.1.

4.2.2.1 Impact of the skull tissue conductivity and the new orthogonal

conguration

T              

 , σ. T         

J⃗      , S (2015)  

 . T       . I  ,

            J⃗  .

T        5-   . I    , 

      .

I   ,           -

           1× 10−15

S/,    . I   ,     

        ,    

          (σ = 10 S/). T 

          , 1× 10−15

S/,     . T     F 4.9.

T          

            

       . T   
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Figure 4.9: C     , J⃗ , ,   -
        ,     
         20o. T   
 S (2015)            J⃗ 
      . T      
       (σ = 1× 10−15 S/),   
       . T     
      ,         
    . I   ,      -
    ,         
 . A            
 ,            
     (RI)     . A: . P:
. A  S (2015).

            

 /  /C  (CSF)    

        . I      F 4.9

  J⃗   ,  RI        

          . A

      F 4.9,         

     ,     .

T     S (2015)      ,

     ,      . I

  ,            

,     (   )   

. I   ,         , 

σ = 1× 10−15 S/,          

(σ = 10 S/). T         F 4.10  4.11.
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Figure 4.10: C         
     . A -    
  (C, A, S)  . A    
    ,       
     . T     -
     ,    RI     
 . S: . I: . A: . P: . L: . R: .
A  S (2015).

F   ,     ,     

          

S (2015) (  S 4.1),      

       J⃗    . T 

       ,      J⃗  

-       ,       

 J⃗ . T   ,       J⃗  

   ,           ,

           .

T             -

     ,         -

             

 . F F 4.11,        

          J⃗    

          F 4.10.

T    J⃗ ,            
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Figure 4.11: C         
     . A -    
  (C, A, S)  . A    
    ,    . A  
        . T     
      . T   
      . T    
            , 
  RI        . S: . I: . A:
. P: . L: . R: . A  S (2015).

,    ,    S (2015)    . S

  ,    ,     ,  

          ,     

        ’    

         . M ,

             -

           (S,

2015).

T              

              

        ,   ,   

,            

  (S, 2015)
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immersed in conductive liquid:

towards a practical

implementation

W           

,           ,

               

  . T       .

A            COMSOL

M® AC/DC .

5.1 Head model with skull’s physical properties

and experimental setup progress

A     S (2015)      

             

    5- TMS . B       

     , S (2015)   

             

       ,    S 4.2.2.1. T

   S (2015)      

        , ,      ,

    . S,       

       S (2015)    

      . T        

  ≈ 0008 S/.
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Companies

S E L. (UK)
P S L.(UK)

E R C (USA)
W C AG (G)
S EMC ... (I)

S S P, I. (USA)
S R C (USA)
S-E C C., L. (J)

OCSAI - T (L)
S E, L. (USA)

A, I. (USA)

Table 5.1: C        
      -.

I              -

      ,       

    ,      

      ,   -

  ,      F 5.1. W    

           

      (σ = 0008 S/ (=) ρ = 125 Ω · m). A

      ,     

          ,    

  T 5.1. A,   ,      

S E L.,         .

T          

              TMS 

. W        T 5.1 ,

             -

. T            (

      ),        

 , ..,  . L  ’    

  F 5.1,          -

          (σ ≈ 10 S/). T, 

   -        

         ,    -
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Figure 5.1: T   S-E (2020),  S-E   
   ,     
  .

Figure 5.2: S         .

              ,

           . I ,

     -    ,      

    .

F,       ,   
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       LIP’ -  ,

            

  ,              

 . A       

        ( -   ), 

     ,   ,     ,  , 

 ,             

,            .

5.2 Electric wires insulation

S (2015)          

      . T        

    S (2015)       

       ’  .

I     ,        COMSOL

M® AC/DC ,     (σ = 10−15 S/)

   ,   5- ,    F 5.3. T

            

  S (2015) . T       

    .

Figure 5.3: O    .
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T     J⃗        

  F 5.4. T        

  S (2015),       J⃗    

 ,    J⃗ . T   J⃗ = 57932 A2 

          6 A2, 

    H . A   S (2015),    

             

   , 6 A2,         I0,

     ,   . H    

   ,            

,     J⃗ .

I S (2015) ,     60% RI     

 (10- )       ,  

 S 4.1. I  ,   RI        

 ,         71% RI  

   .

C   --- , ,  -8    H1-

,           ,

   71% RI      ,     

      ,    

  . T  ---  (-8  H1-) 

        . C  RI 

          

  ,    ,    ,  

RI    RI   --- ,    

    ,      F 5.5.
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(a) A : M J⃗ = 5.59
A/2. M J⃗ = 2.57 A/2.

(b) C : M J⃗ = 5.79
A/2. M J⃗ = 3.00 A/2.

(c) S : M J⃗ = 5.62
A/2. M J⃗ = 2.13 A/2.

(d) B : M J⃗ = 5.68
A/2. M J⃗ = 2.14 A/2

Figure 5.4: C     , J⃗ ,     
        . A -
      (, , )  .
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Figure 5.5: C , J⃗ ,     ,  
,        ,  -
-- . U    . D   -8
 H1-   R  . (2007).
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Optimizing the dimensions of the

Orthogonal conguration’s

container

T          

  ,             70× 94× 94

3,        ,    C 4.

T            

       (         ’

). F        TMS  

 / ,          

         . T  

             ,

     . A  ,   

  NC             

 . T   ,      ,  

        ,    

   .

A          S (2014). I  

            S

(2015)   S 4.1. A    S (2014) 

       . H,    

  ,      ’   RI

                

         ,   

       ’ ,    

’ . T  ,     ,   

               
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    . W  ,     

           

    . O       

          .

W   ,          

       . I    , 

       ’  (),   

           ,  -

    ’    . B  

-,         COMSOL

M® AC/DC . I        -

      ,      

    ,         

.

6.1 Cubic container

T        COMSOL M®

AC/DC. I       ’    

 (10 ). O     (    ),

               S

(2015).

T           ’ -

    ,       . W 

              -

     J⃗    ,     RI

     . I        -

   S 5.2,         

.

F F 6.1              

   , ..,          

   .

A     T 6.1,     RI      

        . T  

             

J⃗ ,  ,  J⃗      . A    

      ,  RI     
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(a) C 1 (50×50× 503) (b) C 2 (60×60× 603)

(c) C 3 (70×70× 703) (d) C 4 (80×70× 803)

Figure 6.1: F :  . A     
       , J⃗ ,    
 . E ’      -.

 (67%)            

   S 5.2 (71%).

Container Volume (3) Max J⃗ (A2) Min J⃗ (A2) RI Central J⃗ (A2)

1 125 3.28 0.567 48% 1.57
2 216 4.03 0.888 57% 2.29
3 343 4.71 1.33 64% 3.01
4 448 5.27 1.76 67% 3.53

Table 6.1: D   ’     
. V: I ’ . M J⃗ : M J⃗  
  (  ). M J⃗ : M J⃗    . RI: R J⃗
           . C
J⃗ : R J⃗       .

T   J⃗         .

D         TMS , ,

  ,     ’    ,   

     .

L       J⃗       

 ,  F 6.2,      J⃗     

   . T     J⃗   
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   (S̃  . (2013), S (2014))     

     TMS    ,   

        ,    S 4.2.1.

(a) J⃗     
 1. M J⃗ = 2.40 A/2.

M J⃗ = 0.58 A/2.

(b) J⃗     
 2. M J⃗ = 3.40 A/2.

M J⃗ = 0.89 A/2.

(c) J⃗     
 3. M J⃗ = 4.28 A/2.

M J⃗ = 1.33 A/2.

(d) J⃗     
 4. M J⃗ = 4.96 A/2.

M J⃗ = 1.76 A/2.

Figure 6.2: C    J⃗         
  .

T      J⃗        -

              J⃗

       S 5.2. T   -

           

      ,     

 .
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L        ,  

        S 5.2,     

             . O 

             ’

          

    (RI   ). W     

        RI        

    S 5.2 (71%). T    

    S 5.2        

,            

 .

6.2 Varying the container’s width

T           ’ 

   J⃗           

      ’ . T     

 COMSOL M® AC/DC ,       

     :  . J    

 S 6.1,         ,  

 F 6.3,     ,      

.

A   F 6.3,        , 

 ,       ,    

         . I T 6.2 

     RI      ,    

    J⃗   ,       J⃗   

  .

F T 6.2,       J⃗     -

         . H,  

       J⃗     .

A      (S 6.1),      J⃗

        J⃗   S 5.2 -

,      F 6.4. T,       J⃗ 

        . A F 6.4    J⃗

         , -, -

 ,       J⃗      
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C 6

(a) C 5 (40 ×60× 953) (b) C 6 (60×60× 953)

(c) C 7 (70×60× 953) (d) C 8 (80×60× 953)

Figure 6.3: S : O      . A  -
           
, J⃗ ,      . E ’  
   -.

   A A.1.

R  RI      ,     

  . F       ,  RI  

       . P,  RI  

           

  S 5.2. A     T 6.2,  RI    

        71%. C  

  ,          . H,

        ,     

,       .

A          COM-

SOL M® AC/DC ,       

      TMS ,     . T  

 RI             

 , ,  ,        

 S 5.2  . R     ,    

       228 3,    

 S (2015)     618.52 3. T  RI    

118



C 6

Container Volume (dm3) Maximum J⃗ (Am2) Minimum J⃗ (Am2) RI Central J⃗ (Am2)

5 (228) 5.00 1.64 70.80% 3.54

6 (342) 5.33 1.92 70.73% 3.77

7 (399) 5.49 2.01 70.67% 3.88

8 (456) 5.60 2.07 70.71% 3.96

Table 6.2: D   ’     -
 . V: I ’ . M J⃗ : M
J⃗     (  ). M J⃗ : M J⃗    .

RI: R J⃗           
. C J⃗ : R J⃗       .

 , ,         . T 

     390 3 ()     

    RI      . A   

   ,        /

.

6.3 Skull currents

T      TMS    -

         . I 

      J⃗         -

,     . S (2015)      

       . T  

      ,          

   ,          

  -  ,    S 4.2.2.1. A  -

        ,    

     ,    ,   J⃗ 

   . A         J⃗

        F 6.5.

F F 6.5,     , ,     .

T  J⃗          ,  

’    . M,       

J⃗         ,    ,  

        ,  ,    , 

 J⃗   .

W  ,      J⃗     
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(a) J⃗     
 5. M J⃗ = 4.70 A/2.

M J⃗ = 1.65 A/2.

(b) J⃗     
 6. M J⃗ = 5.14 A/2.

M J⃗ = 1.92 A/2.

(c) J⃗     
 7. M J⃗ = 5.32 A/2.

M J⃗ = 2.00 A/2.

(d) J⃗     
 8. M J⃗ = 5.44 A/2.

M J⃗ = 2.07 A/2.

Figure 6.4: C    J⃗         
  .

          ’  J⃗   

         . E    

            ,  S

(2015),            

            - 

    TMS . T      

               

   .
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(a) J⃗    
  2. M J⃗ = 3.58
A/2. M J⃗ = 0.09 A/2.

(b) J⃗    
  3. M J⃗ = 4.42
A/2. M J⃗ = 0.10 A/2.

(c) J⃗    
  5. M J⃗ = 4.65
A/2. M J⃗ = 0.05 A/2.

(d) J⃗    
  7. M J⃗ = 5.23
A/2. M J⃗ = 0.12 A/2.

Figure 6.5: T-    J⃗  ( )   
      ( )  ) )    
( )  ) ).

6.4 Patient’s and TMS operator’s safety

6.4.1 Heart-related concerns

T   -       

   ,     S 2.6. O  

    TMS       . W

 ,        ,

        ( ).

A            

            , 
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    (A, 2016). T     

             

         .

I  ,   5 H  B-,     -

  S (2015)  S (2014). A  ,    

    ’  ,      ,

    1998 ICNIRP ,     J⃗

 1 A2     ,    ,   

      0.45 A2     

5 H,   2010 ICNIRP  (ICNIRP, 1998)(ICNIRP, 2010). S-

 (2015)            

        4.5 A2,    ,

100     2010 ICNIRP        

    1998 ICNIRP  . W  ,  

      ,  ’  

       4.5 A2 .

6.4.1.1 The problem

A    S (2015),     -

         ’ , 

    4.5 A2   S (2015)    . T

 - ,        ,

    J⃗        . T  

 J⃗   ,  COMSOL M® AC/DC,    J⃗

           ,    

  F 6.6 ),      S 6.2.

T  J⃗        ,      T

6.3,      4.5 A2    . T 

         -.

Container 5 Container 6 Container 7 Container 8

Induced J⃗ at the heart (A2) 0.332 0.370 0.392 0.379

Table 6.3: I J⃗         .
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(a) J⃗    ’
   5. I J⃗
(  ) = 0.332 A/2.

(b) J⃗    ’
   6. I J⃗
(  ) = 0.370 A/2.

(c) J⃗    ’
   7. I J⃗
(  ) = 0.392 A/2.

(d) J⃗     
 8. I J⃗ ( 
) = 0.379 A/2.

Figure 6.6: J⃗     (’)     
 .

6.4.1.2 The solution

T          

 (      ),    F

6.7.

W   , 3- ,     ,

     J⃗           4.5

A2,            

/   (S, 2015). T       

  ,         

123



C 6

   2 .

Figure 6.7: M       
           . A 3-
    ’  ’ .

6.4.2 Ear-related concerns

6.4.2.1 The problem

A   S 2.6,  SPL    TMS     -

          . T

     /    TMS

. A    S 2.6,     , 

      TMS  . W  ,

     ,      -

             

 . T        ’   

        .

6.4.2.2 The solution

I         TMS ,  

     ’    . T  

      . E    , 
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    ,        

     (T B  ., 2015) (C  ., 2019). T -

, ,      ,     

     ’ . W   - , -

              ’ .

N-         

 - . P  ,       

         ’ ,

            

       ,  

           . A -

            

- . I ,        -

        . H,     

           ,    

      (T B  ., 2015).
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Conclusions

TMS         . S,

          -

     . TMS   

    ,    . I  U S, B’

H-   F  D A (FDA)    -

       (MDD),  , 

   (OCD). I E, B’ H-  

   CE ,    ,

   -   (PTSD), , A’

, P’ ,  .

TMS             

. T           

            

        . G  -

      ,     

           

 ,  ,   ,      

    TMS,         

     .

I  ,           5-

 ,   . P    

   . O   ,   

          

 . A     ,  , ,   

    . I   LIP’ - 

         ,    

           ,

      ,       
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     . A       

               

  RI      -. L,   ,  

 ,          - 

          . I

        - , 

     ,      .

T             

           

  . A          

       ,       

. F          

,              ,

           .

I      , S (2015)    -

         . H-

,        ,     :

          . W   -

  5-    (σ = 10−15 S/). O  ,

 COMSOL M® AC/DC ,   J⃗    ,

     ,      

 S (2015) ’ ,    RI      

   60%  71%. W       

           

            .

T             

 .

I  ,           , -

            

. A   ,  COMSOL M® AC/DC, -

           

         

 J⃗    . T       

          

 ,             -

    RI            

    . I   ,   COM-

128



C 7

SOL M® AC/DC ,        

. T          

      . O    

            

 . L   ’      RI   

              

  (≈ 71%). T J⃗       

        ,    

. H,  J⃗          -

 ,         

  . T       

390         ,    

  NC. T       , , ,

      ,         -

  ,    ,       

. T ,       ,     

     ,       

 TMS        .

I  ,         

   . M       

  LIP -  ,    ,   

      ,     

            

 . I           

    . A         

            

   . W         

       ’ ,    

     .
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Appendices

A.1 Current density distribution in the brain for

the simulated containers in Section 6.2 in ax-

ial, coronal, and three-dimensional perspec-

tives

F  ,  S 6.2       

        . I  , 

     5, 6, 7,  8,   F 6.3, 

    F ,  , ,  - .
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(a) C     J⃗
     -
 5. M J⃗ = 4.88 A/2.

M J⃗ = 1.90 A/2.

(b) C     J⃗
     -
 5. M J⃗ = 4.78 A/2.

M J⃗ = 2.53 A/2.

(c) T-   
J⃗     
 5. M J⃗ = 5.00 A/2.

M J⃗ = 1.64 A/2.

Figure A.1: C    J⃗      ( 
),   -      5  S
6.2.
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(a) C     J⃗
     -
 6. M J⃗ = 5.25 A/2.

M J⃗ = 2.22 A/2.

(b) C     J⃗
     -
 6. M J⃗ = 5.32 A/2.

M J⃗ = 2.71 A/2.

(c) T-   
J⃗     
 6. M J⃗ = 5.33 A/2.

M J⃗ = 1.93 A/2.

Figure A.2: C    J⃗      ( 
),   -      6  S
6.2.
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(a) C     J⃗
     -
 7. M J⃗ = 5.38 A/2.

M J⃗ = 2.35 A/2.

(b) C     J⃗
     -
 7. M J⃗ = 5.49 A/2.

M J⃗ = 2.79 A/2.

(c) T-   
J⃗     
 7. M J⃗ = 5.46 A/2.

M J⃗ = 2.02 A/2.

Figure A.3: C    J⃗      ( 
),   -      7  S
6.2
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(a) C     J⃗
     -
 8. M J⃗ = 5.45 A/2.

M J⃗ = 2.43 A/2.

(b) C     J⃗
     -
 8. M J⃗ = 5.60 A/2.

M J⃗ = 2.84 A/2.

(c) T-   
J⃗     
 8. M J⃗ = 5.55 A/2.

M J⃗ = 2.07 A/2.

Figure A.4: C    J⃗      ( 
),   -      8  S
6.2
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