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1.  
1.1.  

,  

,  

,  

,  

,  

.  

,  (acceleration) 

 

, , .  

 (accelerometry),  

, ,  

. ,  

,  

,  

,  

. 

,  

,  

,  

 

, ,  

,  

 ( )  

,  [1,2,3].  

, ,  

, 

,  

. 
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,  

 

,  

,  

 

, .  

,  

, , (  

,  

). 

 

, , 

 

 -  -  

. 

,  

,  

. , 

,  

,  

 (Magnetic Resonance Imaging-MRI scan)  

, ,  

 [4,5]. 

,  

,  

 VAS (Visual Analog pain 

Scale),  Oswestry (Oswestry Disability Index),  

 IKDC (International Knee Documentation Committee-

IKDC score) [6,7,8,9,10] .,  

,  

 [11,12,13]. ,  

,  

, .  



 

11 
 

,  

 

,  

. 

, , , ,  

.  

,  

 ,  

,  

 

, .  

,  

, .  

 

,  

,  

, ,  

,  

. 

 

1.2.  

,  

,  

, .  

 

 (stride-to-stride variability) [14].  

,  

. 

,  

,  

,  

.  - - 



 

12 
 

 » ,  

,  

 [15,16,17,18]. ,  

,  

. 

, ,  

, . ,  

,  

.  

,  

,  

,  

.  

,  

,  

, .  

,  

 

, .  

, , 

  [19].  

, 

 . ,  

,  .  

,  

 

 [19]. 
,  

,  

.  

,  

.  

,  
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,  

.  

, ,  

 

,  

. 

,  

 

, ,  

 

. 

,  

.  

,  

 

.  

, ,  

 »,  » 

,  [20,21,22].  

,  

, ,  

 

. 

, , 

.   

,  

 

. ,  

 

,  

, .  

,  

,  
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 [  (Double-bundle ACL 

Reconstruction)],  

(6) . , 

. 

,  

,  

. , 

,  

.  

, ,  

,  

. , 

 VAS, 

Oswestry,  IKDC,  

.  

,  

, ,  40 

, . 

 : 

 (  

). 

. 

. 

, . 

. 

 

 [23]. 

,  [24,25,26,27,28,29,30]. 

,  

 (14)  [31]. 

,  

: 
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1.  – 

. 

2. . 

3. . 

4. . 

5. ,  

.  

6. ,  

,  

 [32,33,34,35,36,37]. 

7. .  30 . 

8.  USB  

, . 

9.  

, , . 

10. , . 

,  

: 

,  

 (MRI) ,  

.  

,  

 (14) ,  

. 

,  

, . 

 ,  

,  

, ( )  

. ,  

 ( , , ), ,  

, ,  
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, ,  

 

,  ,   

.  

, , 

 

. ,  

,  
 [38]. 

,  

 

 Kolmogorov-Smirnov  

.  

, .  

, 

 Pearson.   

 <0.05. 

,  

,  

,  t-test.   

 

,  t-test.  ROC-

,  

, . 

 Spearman,  

 

 Oswestry, VAS  IKDC.  

 (ANOVA),   

 

.  post-hoc Bonferroni 

.  

, 

 SPSS (Statistical Package for the Social 
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Sciences)  Windows,  13.0  15.0.  

, . 

 

2.  
 (functional ability),  

 

. ,  

,  ,  

,  video, ,  

, , ,  

,    [39,40,41].  

, , ’  

 - -  

,  

. ,  

,  

,  

,  [38].  

, ,  

 

. 

,  

(Gait Analysis). , 

.  

: (1)  

, (2)  

,  (3)  ,  (4)   

 [42].  

,  

,  

,  
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 [42]. 

,  

, .  

,   

,  

. , ,  

,  

.  

,  (stance phase)  (swing 

phase). ,  

. ,  

. .  

,  10%  

. ,  

,  

(heel strike)  (toe off),  

 [42]. 

. , 

 

. ,  

,  

, .  

, ,  

, .  

,  

 –  

. ,  

,  

. 
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3.  
,  

 «  

»,  

.  

,  

, . 

,  

, 

,  

. , 

 

, ,  

.  

,  

. 

,  
 [43] : 

1. . 

2. . 

3.  

. 

4. ,  

. 

5. . 

6. . 

7. . 

8. . 

 Royal College of Physicians,  

,   

. 
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,  

: 

1. : 

a.  

,  

.  

b. ,  

,  

 

. 

2. : 

a. . 

b. . 

c. ,  

,  

. 

3. : 

a. ,  

. 

b. , 

. 

c. . 

 American College of Sports Medicine,  

Center for Disease Control and Prevention (CDC)  President’s Council 

on Physical Fitness and Sports,  

,  : 

 2 ,  30  

 3 . 

 2 ,  27 , 

 3 . 

o : 2  30-40 , 6 

,  2 ,  

 10  [44]. 
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4.  ( ) 

4.1.  

, 

 

,  

  1) [45].  

,  

:  (anteromedial) 

, , 

 (posterolateral) ,  

 

 (  

) [46]. ,  

, .  

,  

, ,  

.  

Bonnel [47],  1,85  3,35cm. ,  

,  

,  

, ,  

.   
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 Noyes,  

,  1750Nt [48].  

, . ,  

 ( . ),  

.  

, ,  

. ,  

 ( . ),  

,  

,  

  [49]. 

,  

,  

. ,  

 

,  

 

[50,51,52]. 

,  

 (« » ,  

),  

 45 -50  

  2). ,  

 1. 

 
 

.  
. 
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, , ,  

,  

. ,  

 

 [46]. 

 
 

 ( ),  

:  

 

  3). ,  

,  

. , 

:  

,  

 [46]. 

 

 

 2. 

 
 

 
. . 
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4.2.   
,  .   

 

 [2,3].  [2]  

 15  45 ,  

.  

,  

 ( , )  

, , ). ,  

,  

 ( ,  

).  

,  72%  

 (  2/3 ), 

 15% ,  6%  

,  3%  4% [53].  

189 ,  (82  

 107  

)  24,4%  

 (20.6%  

 27.1% )  

 

 3. 

 
,  

 
,  

. a-b: , c-d: . 
. 
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 61.6%  

, . 

,  

 -  

- ,  

,  

 [54].  Levy  Meier [55],  40%  

, 

. 

,  

, .  

,  ,   

,  

,  [56]. 

,  

.  « »  

. ,  

, . 

,  

,  

.  

, , 

 [57,58].  

,  

 [59,60,61]. ,  

, o   4). 
,  

 [62,63]. , , 

,  

 [64].  Berchuck  [57],  

,  

. ,  

, 
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,  

 [64]. 

 
, , 

, ,  

 

[57,65,66]. 

 

4.3.   

,  

,  9.8%  

.  87%  

,  

 [67]. ,  

 

,  

,  

 

. 

,  

, ,  

. ,  

)  

,  

 

 4. 

 
 
. 

. 
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,  

.  

,  

  5),  

Lachman-  Pivot-Shift.  

,  

, . 

 

 
 

 

 

 [68]. ,  

 

 ( . ), 

 (Magnetic Resonance Imaging - 

MRI).  Minck [4], 1 ,  95 

% ,  

. 2 ,  

 97%.  Fischer [5],  

 93%.   

 

4.4.   

 

 

 

 5. 

 
 

. , 
,  

 
 

, , 
. 

. 
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, ,  

,  

, ,  

 [69]. 

, ,  

,  

 [70]. ,  

 »,   

,  

. ,   

»  1), ,  

, .  

,  

: 

 

, , . 

,  

 ( , )  

.  

 ( , 

, -

). 

. 

 

, . 

, 

. 

 

. 

. 

. 

. 



 

29 
 

 
 

, ,  

 

,  

 2-3  

. 

,  

. ,  

 ( ),  

,  

 [71].  

, ,  

 ( )  [72,73]. 

,  

 (  

),  

. , 

, ,  

.  

,  (63%)  

, 

 (51.7%). ,  

,  

,  

 [74]. 

 

 1. 

 
. , 

, 
. 
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5.  
 

,  

 

,  

 - .  

, ,  

 

. ,  

, , .  

,  

, . 

 

, . 

,  

.  

 Borelli ,  

 [De Motu Animalium I (1680)  De Motu 

Animalium II (1681)]  

,  

.  

,  

 

 [75]. 

 19 , 

. 

,  «The Horse 

in Motion» (1882)  «Animal Locomotion» (1887)  E. Muybridge. 

,  12  

 6 

 [76]. 
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  [77,78],  

, , 

.  

, .  

  [79,80,81],  

, ,  

,  

.  

 [82],  

.  

,  

 [83],  

 [82]. 

  

,  

,  

 [84,85,86,87].  

,  

 [88],  

 [89,90,91]. 

  

 [92,93,94,95], .  

 

, ,  

. 

,  

,  

 

. ,  

, , ,  

 

. 
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,  

 

 [26,96].  

 [37,97].  

 

,  

,  [34,98]. 

, , 

 [17,99].  

 

,  

,  [31,100].  

, ,  

 

 [32,101]. ,  

, 

 video [33,93].  

 video camera, 

,  

[38,102]. 

 

6.  
,  

,  ,  

, ,  

, ,  

.  

 

,  

1950 [103,104]. , , 

 

. ’ ,  



 

33 
 

 

, ,  

. , 

 

,  

. ,  

, ,  

 

, ,  

,  

, .  

 ( . 

)  ( . ) .  

,  

 (3D 

accelerometry). , 

,  

, . 

 1973  J. R. W. Morris [105], , 

 

 

.  Moe-Nilssen [106], Willemsen [107]  Aminian 

[108], ,  

,  

. ,  

,  

 

. ,  

 

,  

,  

,  

.  



 

34 
 

,  

,  

.  

,  

 [108,99,109,96,110,111,112],  

,  

. 

, ,  

,  

, ,  

, , 

,  

,  [113]. , 

 

,  

 [35,114]. 

, ,  

, 

,  

.  

 -  

-  

,  

. ,  

,  [29,115]. 

,  

. ,  

,  

 

[29,30,115,116]. 

,  

 

.   
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,  

,  

,  

 

 [117].  

,  [118]. 

,  

 [119]  

,  

 

. ,  

,  

[120]. , ,  30-75  

, ,  

 

[121,122,123].  ,  ’   

’  

. 

 

, ,  

,   

. 

,  

 

, .  

,  

 -  

 - , 

. 

,  

,  

,  

. 
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7.  

7.1.  

 

 ,  

. ,  

, .  

,  

. , 

.  

,  

, , 

. 

 

7.2.  Claude Shann n  

,  

 1948  Claude Shann n   Symbolic 

Analysis of Relay and Switching Circuits",  

 Boole,  

,  «1»  «0»,  

.  «1», 

, 

 «0» .  

,  

,  

 »  »,  » ,  »  

 ».  Shann n,  

 

.  1948  Shann n ,  «  

»,  

,  » (binary 
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digit), ,  

«binit»  «bit». 

, « »  

.  :  « », 

, .  

 »,  

,  

. . 

 « » ,   

 « »,  

.  »  » ( )  

:   

=-log2P =log2(1/p) 

,  ,   

bit. ,  

, : 

pa=pb=1/2, =1 =1 bit. 

 Shann n,  bits  

,   

,  

 .  

 « ».  

« »  « »,  

, 

.  Shannon ,  

, .  

 S  bits, 

 2  S,  bits,  «1»  «0». 

,  bits  

,  2  

: 

2S = P  : log2P = S. 
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 «S»,  Shann n  ".  

,  

 [16,17,18]. 

 

7.3.   

 ,   

».  P(A) 

 A,   

 ,  .  

P(A) 0.999, ,  .  

P(A)= 0.1, ,  .   

,  P(A) = 0.5.  

, ,  i 

  , .  

,  

,  

, .  

 (1),  

Shannon [124,125]: 
N

i
kkN pppppH

1
221 log),...,,(  (1) 

:  

:  Shannon 

pk: i  

N: . 

  (1) .  

: 

1. : 
n

k
kp

1
1 

2.  pk=1,  

: 
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(p1, p2, …, pn) = 0 

, (p1, p2, …, pn) > 0. 

3. ,  p1=p2=…=pn, 

 

 

: 

(p) = 
NNNNN
1log1log1...1log1

222  (2) 

, : 

 «2»,  bits 

 «e»,  nats (1.44bits) 

 «10»,  bans 

,  

. 

 

7.4.  
.  

, : p1, p2, p3, p4, p5  p6.  

.  

, :  

  (x) = )
6
1(log2 (x) = 2,58496 bits 

.   6,  

, : 

  p1 = p2 = p3 = p4 = p5 = 
30
4  p6 = 

6
2  

,  

  (x) = )
6
2(log

6
6)

30
4(log

30
45 22  

  (x) = )5849.1(
6
2)9068.2(

30
20  

(x) = 2.466248 bits 

.   6, : 
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p1 = p2 = p3 = p4 = p5 = 0  p6 = 1 

, (x) = )
6
6(log

6
6)

6
0(log

6
05 22 (x) = 0 bits 

,  

 

. ,  

 

,  

. 

 

7.5.   

, 

,  

 

[126].  

, . ,  

,  

. , , 

 

 [126]. 

,  

,  

 

. ,  

,  

. ,  

 

,  

. ,  

,  

 [127].  
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 [128]. 

 

7.6.  

,  

. ,  

,  

,  

.  

 (stride-to-stride variability) 

[14]. ,  

 

,  

, ,  

,  Huntington . Parkinson, 

 [129,130,131]. 

,  

, ,  

. ,  

 

, . 

, . 
 

,  

,  [132]. 

, . ,  

,  

,  

. ,  

.  

,  

. ,  
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.  

,  

.  

,  

,  

. ,  

,  

  

, .  

,  

 [133,134,135,136,137],  

 [137,138,139]. ,  

 

, ,  

. , 

,  

. 

,  

.  

,  Guimaraes  Isaacs [140],  

,  

.  Arif ,  

,  [116]. 

, ,  

, , 

 [141].  

, ,  

 -  

- . 

,  

, ,  

 , 

. ,  



 

43 
 

. ,  

 

. , 

 55%  (  

) [99,142],  04-05  

. 

 

7.7.  

, 

 

,   

(«Approximate entropy» – ApEn).  

 Pincus  1991 [143]  

 

[117,33,144,145,146,147]. 

 ApEn ,  

,  

 ( ),  [148]. 

,  

,  ApEn.  ApEn 

,  

 . , , 

 

. ’ ,  

ApEn, ,  

 [149]. 

,  

[150], ,  

 ApEn, . ,  ApEn  

, . 

, ,  ApEn , 
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,  

.  

,  Huang  [151],  

,  

 ( ). , 

 ApEn  

,  

,  ApEn  

. 

,  ApEn 

 Arif  2002 [119]  

,  [152,153].  

, ,  

. , 

, ,  

,  

. , 

,  

’ , 

. , 
 2006 [147],   ApEn,  

,  

, ,  

.  

, ,  

 (6)  (15) 

,  

. ,  ,  

, ,  

.  

 ApEn,  

 . ,  
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.  ,   

 ApEn , . 

 Costa  [154],  

,  Multiscale Entropy ( ),  

 Zhang’s [155],  

. ,  

,  

. 
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8.  -  

8.1.   

.  

,  

. 

,  

,  

.  - - 

 

 ( ,  

). ,  

,  

,  

.  

, .  

 

8.1.1.  

,  

,  175 ( ) 

, ,  

 2005,  2008. , 

 

.  

,  13-37 ,  

,  

, , . 

,  42 ( ) ,  

. ,  

,  133 (  

). ,  109 ( )  

,  
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.  75 

)  133 (  

) ,  

.  

, 

 2 ( )  5 ( )  -  

 

- .  

, . 

,  8 ( )  

. 

 

8.1.2.  

,  

, , 

 20 ( )  20 

) . ,  

, ,  

.  

, ,  

 (MRI scan). ,  

 

,  

,  6 . 

 

8.2.  

: 

 (laptop  Windows),  

 

  Labview)   

.  
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8.2.1.  

,  

, . 

,  

,  12-bit (LIS3LV02DQ)  

 (5x5x1.8mm),  STMicroelectronic,  8-

bit ( 2313),  (MC33269D3,3),  4 

MB,  9-V.  

.  MEMS 

,  

 2 g @ 640 Hz .  

 125x65x25 mm.  (150 gr  

) ,  

. , 

 128 Hz (Fs)  30sec (t).  

, = t×Fs=3840.  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 2.  

, .  
,  

, ,  
,  (  

) . 
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 2000 Hz.  

: 

. 

. 

. 

,  

,  

. 

,  

,  

. ,  

 -  

 -  

. ,  

 

. 

.  

, 

 

. 

 

 RS232,  

 ( ,  

 USB,  

).  

,  

, .  

,  

. ,  

 ASCII.  

 Lab-View  8.2.1 (National Instruments 

Corp., Austin, TX, USA). 
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,  

 (  

). 

 

8.3.   

8.3.1.  

8.3.1.1.  

, : 

 (30 sec) 

 

 

, , 

,  

 

.  ,   

. 

,  

.  

,  

 3.  

 

 

 

 

. 
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) [1] ( ).  
 

8.3.1.2.  

,  

,  

,  

 

. 

 

8.3.1.3.  

 

 

 

,  

,  

 

,  

, 

 

 

 

 

.  

,  

.  

,  

, ,  

.  

,  

.  

                                                           
1 . . . 9467/3-9-08 

 4.  

 

.  

.  

,

 

 

. 
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,  14 

) . 

 

8.3.1.4.  

,  

,  

 ( 4- 5) [156,99,157],  

 5). ,  

.  

,  

,  

 [35,33,36,37]. ,  

,  

  4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 5.  
 )  

. ,  

, . 

 
 

 
 

 USB 
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8.3.1.5.  

,  

 (5) ,  

 [158].  

. , .  

 30sec,  128Hz.  

 

,  

. ,  

.  

,  1 z  

 1sec. ,  

 128Hz,  

. 

 

8.3.1.6.  

 

,  ,   

,  

.  

,  

, , 

, .  

,  

.  

,  

, .  

,  

,  

. ,  

. , 

 .  
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,  

,  (  
). , 

,  

, ,  

, ,  

,  

 [159,160]. ,  

,  

,  

. 

  ,  

 

, , 

,  

 

 [161,162,163,164,165]. , 

,  

,  

.  

,  

.  

 

. ,  

,   

 ),  

, 

.  

, : 

 ( ) 

,  
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,  

12 ( )  

 /  

,  

 12 ( )  

  

 

. 

,  

, .  (K, 

Na, U, Cr, Glu, SGOT, SGPT, -GT, LDH, CPK, ALP),  

, . 

. 

  ,  

.  

,  

. ,  

 3 ( ) ,  

.  (  40  

 30 ),  

 5) ,  

. ,  30 

, ,  

 [166]. 

,  

 3 ( ) .  

, .  

,  

.  

  

(x),  (z),  (y)],  

  6). 
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8.3.2.  

8.3.2.1.   

 

 

.§8.3.1.1).  

 

. ,  

 . 

 

8.3.2.2.  

, . 

, 

,  

 .§8.3.1.2). ,  

VAS, Oswestry  IKDC. 

,  

 (MRI Scanning) ,   

, , 

.  

,  

 6.  

 
 

 
,  

 
 

 
 

 30 
. 
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 (14) ,  

. 

,  

, . 

 

,  (Double Bundle ACL Reconstruction), 

 - , 

.  

 

.  1  ( )  

 

(Continuous Passive Motion-CPM).  

 

,  

,  « ».  

,  

 

 12 . 

 6  

. ,  

.  

, ,  

.  

,  

,  

. 

 

8.3.2.3.  

 

 

. ,  

.  
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, .  

, ,  

, ,  

.  

,  

. 

 

8.3.2.4.  

,  

,  

 ( 4- 5),  

,  

.§8.3.1.4). 

 

8.3.2.5.  

,  

 (5) ,  

 [159].  

.  

.§8.3.1.5). ,  

 

, . 

 

8.3.2.6.  

 

, ,  

.  

,  

. ,  

.  
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,   

 .§8.3.1.6).  

,  

( ). , , 

, ,  

,  

, ,  

, ,  

 [159,160]. 

  ,  

,  

, , 

 

 [161,162,163,164,165].  

 

. ,  

,  

, . ,  

 

, . 

: 

 ( ) 

 

 /  

 

 

. 

, , 

.  (K, Na, U, Cr, Glu, SGOT, SGPT, -GT),  

,  

. 
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  ,  

.  

 .§8.3.1.6),  

 3 ,  

 14  

. ,  

.  

,  

.  

  (x),  (y), 

 (z)], . 

 

8.4.   

8.4.1.  

, .  

 

 

.  

,  

,  

. ,  

,  

,  

. , , 

,  

.  

 

,  [167].  

 Shannon  

.  
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 [168]: 
b

a
e dxxfxfxh ))((log)()(  

 f(x)  

 .  

 f(x) ,   

 

 ( )  [168]: 
n

k
nfnfxh

1
e

_

e

_

)(log))((log)()(  

: 

 

n  (n-

1)* <x<n*  

,  

 (n),  .  

,  

(Approximate Entropy-ApEn)  (Multiscale 

Entropy),  (  

 r ).  

,  

FFT. .  

 ( ),  

 

. ,  

 ( . ),  

 

. ,  

, ,  

,  

.  

,    bits  2, nats  

 e  bans  10.   



 

63 
 

.  e  

 nats.  
,  

. ,  

 

,   (x),  

 (y)  (z) . 

 

8.4.2.  

8.4.2.1  

,  

,  

.  ±SD (  

, )  

.  

,  

 Pearson  Spearman. 

, 

 

 (multiple linear regression)  

 (enter method),  

,  

 (stepwise method),  

 – ,  

 

,  

. 

 Kolmogorov–Smirnov  

.  

. 

 Bonferroni.  Kruskal–Wallis  

Mann–Whitney, .  
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:  )   

 ne way ANOVA) -  

 Bonferroni )   

 t-  (independent samples t-test).  

 

SPSS, version 13.00 (SPSS Inc, Chicago, IL)  Windows®.  

 (two-sided) [170].  p-value <0.05   

,  

 (0.05<p<0.1). 

 

8.4.2.2  

,  t-test  

,   

, .  

t-test  

 ( ).  ROC 

 (Receiver Operating Characteristic),  

 

 

.  

,  

 (Likelihood Ratio - LR) [170].  

,  

 

, .  

LR (Positive Likelihood Ratio – PLR=sensitivity/[1-specificity])  

,  

.   LR ( .  5.0),   

 

.  (Negative 

Likelihood Ratio – NLR=1-specificity]/sensitivity).   LR,  
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,  

.  LR 

(<0.3), , 

 [171,172]. 

 (two-sided)  

 < 0.05.  SPSS, 

 15.0 (SPSS Inc., Chicago, IL, USA)  Windows®. 

 

,  t- ,  

 

.  

 VAS, IKDC 

 Oswestry, .  

 

. ,  

 

.  t-  

 

.  

 p<0.05. 

 

9.  
9.1.   

9.1.1.  

,  175 ( )  

106 ( ) ,  

 ( )  

,  (  

).  50% ,  

17 . , 5 ( ) : 
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 ( ), ,  

 10  5 .  

,  

.  

 ( ),  

, .  

 37 ,  

, .  

, .  

 
9.1.1.1.  

  1,  

: ,  

),  ( ), , 

.  

 

, . 

,  

 

, .  

,  

, . 
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 1. . 

=133  
(Mean) 

 
(Median) SD   

 ( ) 19,519 18,000 5,156 13,00 37,000 

 (m) 1,752 1,750 ,064 1,590 1,910 

 (kgr) 69,256 69,000 9,022 48,00 95,000 

 22,515 22,498 2,233 16,90 28,685 

=106  

 
 6,132 6,000 1,775 1,000 10,000 

 
 8,189 8,000 4,274 1,000 25,000 

=75  

 
(cm) 90,45 91,00 3,88 81,00 99,00 

 
(cm) 90,42 90,50 3,94 80,00 97,50 

 
(cm) 48,36 48,50 3,55 40,00 56,50 

 
(cm) 48,84 48,50 3,70 40,50 57,00 

 
 (cm)  37,02 37,00 2,22 31,50 41,50 

 
 (cm) 37,21 37,50 2,23 31,50 42,00 

 
 (cm) ,35 ,50 ,46 ,00 3,00 

-
 (cm) ,92 1,00 ,79 ,00 3,50 

-
 (cm) ,41 ,50 ,46 ,00 2,00 

 ( ) 5,00 5,00 5,00 ,00 5,00 

 ( ) 7.88 10,00 3,24 ,00 20,00 
 

 
) 10,67 10,00 5,71 ,00 25,00 

 

   
(%) 

  42 56,0 

 33 44,0 
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9.1.1.2.  

,  1.0 nats.  

,  1.0 nats.  

,  0.4 nats  

,  

.   2,   

. 
 

 2.  x, y, z (nats). 

=133   SD   

x ,729 ,671 ,546 -,313 2,427 

y 1,616 1,466 ,647 ,318 3,618 

z -,101 -,095 ,426 -1,201 1,027 

 

9.1.1.3.  

 

 (  

, , , )  

=133) ,  

,   3.  

 

 ( =106),  

 

.  

 4,  

 ( ,  

, , ,  

)  

 ( =75) . 
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 3.  ( ) 

=133 x (nats) y (nats) z (nats) 

 ( ) 

Pearson s ( r ) -0,004 0,044 -0,023 

p-value 0,967 0,611 0,792 

N 133 133 133 

 (m) 

Pearson s ( r ) -0,197 -0,157 -0,140 

p-value 0,023 0,071 0,108 

N 133 133 133 

 (kgr) 

Pearson s ( r ) -0,114 -0,023 -0,006 

p-value 0,192 0,797 0,942 

N 133 133 133 

 

Pearson s ( r ) -0,013 0,093 0,098 

p-value 0,879 0,288 0,262 

N 133 133 133 

=106  

 

 

Pearson s ( r ) 0,154 0,077 0,206 

p-value 0,116 0,436 0,034 

N 106 106 106 

 
 

Pearson s ( r ) -0,130 -0,055 -0,051 

p-value 0,184 0,578 0,602 

N 106 106 106 

 

  3, ,  

.  

, .  

,  

 

x (r=-0.197  p=0.023), ,  

 (N=133). ,  

 (r=0.206),  (p=0.034)  

 

 z. 
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 4.  ( ) 

N=75 x (nats) y (nats) z (nats) 

 
 (cm) 

Pearson s (r) -0,126 0,047 0,102 
p-value 0,281 0,686 0,386 

N 75 75 75 

 
 (cm) 

Pearson s (r) -0,143 0,054 0,121 
p-value 0,222 0,647 0,303 

N 75 75 75 

 
 (cm) 

Pearson s (r) -0,103 -0,055 -0,072 
p-value 0,381 0,638 0,541 

N 75 75 75 

 
 (cm) 

Pearson s (r) -0,150 -0,052 -0,115 
p-value 0,198 0,657 0,327 

N 75 75 75 
 
 

(cm) 

Pearson s (r) -0,225 0,016 -0,138 
p-value 0,062 0,893 0,237 

N 75 75 75 
 
 

(cm) 

Pearson s (r) -0,242 -0,025 -0,155 
p-value 0,037 0,833 0,183 

N 75 75 75 
  

-
 

(cm) 

Pearson’s (r) 0.111 -0.027 -0.128 

p-value 0.345 0.821 0.275 

N 75 75 75 

 
 

 (cm) 

Pearson’s (r) 0.065 0.434 -0.172 

p-value 0.580 0.000 0.140 
N 75 75 75 

 
 

 

Pearson’s (r) 0.107 0.096 -0.067 

p-value 0.361 0.411 0.569 
N 75 75 75 

 
) 

Pearson s (r) -0,078 -0,004 -0,031 
p-value 0,775 0,989 0,878 

N 16 16 16 

 
) 

Pearson s (r) 0,132 0,012 0,119 
p-value 0,320 0,815 0,670 

N 59 59 59 

 
 ( ) 

Pearson s (r) -0,004 -0,024 -0,097 
p-value 0,976 0,836 0,410 

N 75 75 75 

 

  4, , 

,  
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y,  (r=0.434, p=0.000). ,  

 ( ) [r=-0.225, p=0.062]  ( ) [r=-0.242, p=0.037] 

, ,  (  

)  x (  

).  

 5. ,  
,  

 x y z 

 
 (cm) 

Pearson s ( r ) -0,118 -0,085 -0,027 

p-value 0,515 0,639 0,881 

N 33 33 33 

 
 (cm) 

Pearson s ( r ) -0,125 -0,064 -0,030 

p-value 0,488 0,725 0,866 

N 33 33 33 

 
 (cm) 

Pearson s ( r ) -0,171 0,159 0,282 

p-value 0,341 0,376 0,112 

N 33 33 33 

 
 (cm) 

Pearson s ( r ) -0,291 0,040 0,140 

p-value 0,101 0,827 0,437 

N 33 33 33 

 
 

(cm) 

Pearson s ( r ) -0,381 0,027 0,154 

p-value 0,029 0,882 0,391 

N 33 33 33 

 
 

(cm) 

Pearson s ( r ) -0,349 0,021 0,148 

p-value 0,047 0,906 0,410 

N 33 33 33 

 
) 

Pearson s ( r ) 0,306 0,019 0,027 

p-value 0,694 0,929 0,882 

N 4 4 4 

 
) 

Pearson s ( r ) -0,078 -0,116 0,339 

p-value 0.686 0,689 0,053 

N 29 29 29 

 
 ( ) 

Pearson s ( r ) -0,047 -0,012 -0,057 

p-value 0,795 0,946 0,753 

N 30 30 30 
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  5,  

, .  

,  

 ( ),  

 z. ,  

,  

 x,  

. 

 

9.2.   

–  

9.2.1.   

 

, 

 (  – ),  

. ,  

,  

. ,  

,  

,  t-test  6). 
 

 (Receiver Operating Characteristic – ROC analysis)  

,  

. ,  

 (PLR, NLR)  

 Oswestry  (Spearman coefficient). 

 SPPS 15.0 .  

,  p=0.05 . 
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 6.  
. 

    p

 
) 20 30.80 9.46 20 30.45 8.80 0.904

 
(cm) 20 176.80 6.11 20 176.95 7.20 0.944

 
(kgr) 20 78.65 8.65 20 81.50 11.23 0.374

BMI 
(kg/m2) 20 25.13 2.20 20 25.93 3.08 0.354

 

 

9.2.1.1.  ( ) 

 (20)  ( : 

30.45±8.80 , : 176.95±7.20 [cm], : 81.50±11.23 [kg], BMI: 

25.93±3.08 [kg/m2]).  

 30 sec.  

,  

. , 

 (20)  (  30.80±9.46 , 

:176.80±6.11[cm], :78.65±8.65[kg], BMI:25.13±2.20[kg/m2]).  

,  

,  

 

. ,  

,  

.  (t-test)  

, .  Chi-

square test,  

  6). 
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9.2.1.2.  –  

, 

 

,  

,  

, . 

 

,  7.  

 7.  x, y,  
. 

  
No 

. 

 
y  
(nats) 

 
x  
(nats) 

No 
. 

 
y  
(nats) 

 
x  
(nats) 

E1 1,504 0,141 C1 0,530 0,332 

E2 1,826 -0,092 C2 0,353 -0,072 

E3 1,829 0,273 C3 1,150 0,203 

E4 2,097 0,719 C4 1,077 0,430 

E5 0,946 0,060 C5 0,680 0,548 

E6 2,248 1,374 C6 0,646 0,261 

E7 1,393 0,135 C7 0,641 0,230 

E8 2,071 1,061 C8 0,481 1,290 

E9 1,468 0,608 C9 1,061 -0,187 

E10 0,992 0,338 C10 0,779 -0,283 

E11 1,077 0,786 C11 1,037 1,152 

E12 1,761 0,689 C12 1,039 0,557 

E13 1,774 1,329 C13 0,445 0,536 

E14 1,095 0,508 C14 0,739 0,173 

E15 1,297 -0,101 C15 0,511 0,002 

E16 1,379 0,854 C16 0,922 -0,299 

E17 1,155 -0,251 C17 0,303 -0,484 

E18 1,737 0,924 C18 0,403 -0,479 

E19 1,760 1,051 C19 0,280 0,099 

E20 1,504 0,721 C20 1,255 -0,096 
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 6, 7, 8, 9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 6. 

,  
.  

 ROC .  nats. 

 7. 

 (box-plot diagram)  
 ( ).  

 nats. 
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 9. 

 (box-plot diagram)  
 ( ).  

 nats. 

 8. 

,  
.  

 ROC .  nats. 
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 ROC ,  

 10  11.  

,  1.069nats. 

 1.069nats  

. ,  90% 

 85% .  ROC  

 90%  

 85% .  

  
10),  95.6%  

. 

 
 
 
 
 

 

PLR=6.0,  NLR=0.17.  

,  

 0.582nats.  0.582nats 

.  

 55%  90% .  

 10. ROC . 
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,  55%  

 90% .  

 

  11),  71.2% 

. 

 
 

 

 

PLR=5.50,  NLR=0.18. 

 

 ROC ,  

, ,  

. 

 
 
 
 
 
 

 11. ROC . 
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9.2.2.  

 

9.2.2.1.  ( ) 
 

 

 6).  

, , 

 – .  

 

.  

 11/2008  04/2009,  

 06/2009  02/2010.  

,  

. 

 

9.2.1.2.  –  

 

, 

 

,  

,  

, .  

, 

  8. 
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 8.  x, y,  

. 

 
) 

 
)  

 

 

 

-y 

[nats] 

 

 

-x 

[nats] 

 

 

 

-y 

[nats] 

 

 

-x 

[nats] 

 

 

 

-y 

[nats] 

 

 

-x 

[nats] 

E1 1.504 0.141 E1 1.471 -0.059 C1 0.530 0.332 
E2 1.826 –0.092 E2 1.099 -0.242 C2 0.353 –0.072 
E3 1.829 0.273 E3 1.513 0.054 C3 1.150 0.203 
E4 2.097 0.719 E4 1.367 0.541 C4 1.077 0.430 
E5 0.946 0.060 E5 0.545 -0.043 C5 0.680 0.548 

E6 2.248 1.374 E6 1.169 0.494 C6 0.646 0.261 
E7 1.393 0.135 E7 1.176 -0.199 C7 0.641 0.230 
E8 2.071 1.061 E8 1.891 0.696 C8 0.481 1.290 
E9 1.468 0.608 E9 1.388 0.398 C9 1.061 –0.187 

E10 0.992 0.338 E10 0.880 0.085 C10 0.779 –0.283 
E11 1.077 0.786 E11 0.981 0.521 C11 1.037 1.152 
E12 1.761 0.689 E12 1.252 0.331 C12 1.039 0.557 
E13 1.774 1.329 E13 1.009 0.890 C13 0.445 0.536 
E14 1.095 0.508 E14 0.765 0.208 C14 0.739 0.173 
E15 1.297 –0.101 E15 0.680 -0.156 C15 0.511 0.002 
E16 1.379 0.854 E16 0.992 0.549 C16 0.922 –0.299 
E17 1.155 –0.251 E17 0.910 -0.299 C17 0.303 –0.484 
E18 1.737 0.924 E18 1.345 0.390 C18 0.403 –0.479 
E19 1.760 1.051 E19 1.618 0.732 C19 0.280 0.099 

E20 1.504 0.721 E20 1.211 0.305 C20 1.255 –0.096 
 

,  

. , 

 

). ,  

 

. 
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9.2.2.3.  Oswestry & VAS  

  9,  

, ,  

. 

 9.  

,  

. 

 
IKDC VAS Oswestry 
      

E1 63.22 40.23 46 27 10% 4% 
E2 25.29 90.80 52 3 42% 0% 
E3 45.98 42.53 6 12 6% 22% 
E4 72.41 97.70 11 0 0% 0% 
E5 28.74 54.02 30 3 28% 4% 
E6 63.01 71.26 8 16 24% 4% 
E7 74.71 66.67 9 8 2% 6% 
E8 58.62 89.21 9 4 4% 1% 
E9 52.87 72.41 3 3 6% 0% 

E10 33.33 75.86 29 2 18% 0% 
E11 52.87 59.77 4 16 0% 12% 
E12 43.75 62.07 23 11 19% 2% 
E13 35.63 59.77 26 5 32% 8% 
E14 66.67 80.46 45 21 4% 0% 
E15 54.02 72.76 1 1 18% 12% 
E16 78.16 71.26 16 16 4% 6% 
E17 41.38 68.97 23 5 16% 8% 
E18 41.38 79.31 22 25 18% 4% 
E19 71.26 50.57 16 4 4% 2% 
E20 51.48 85.23 12 3 21% 1% 

 

 IKDC,  52.739 ,  69.543 

 [p=0.003, 95%, CI (-27.01, -6.59)].  Oswestry 

 13.80% ,  5.25%  [p=0.010, 

95%, CI (0.23, 0.15)]. ,  VAS  19.55 

 9.25  [p=0.006, 95%, CI (3.34, 17.27)].  
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10.  –  
,  

, ,  

.  

: 

 

 

,  

 

,  

,  

. ,  

 

 

,  

.  

, ,  

.  

, ,  

, 

.  

,  

 ( . , 

)  [173],  

 “ ” . ,  

 “ ”  ( .  

), ,  

. ,  

,  

. 

 

,  Guimaraes  Isaacs [140],  
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, .  Arif  

 [33],  

. ,  

, ,  

,  

. ,  

, ,  

. 

,  

,  

, ,  

,  

. ,  

, , 

.  

,  

 

 [174].  

,  

 [175]  

 [118]. ,  

.  

, 

 

[132, 156]. 

 

  .  

,  

 [176].  

 

 [176].  
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,   

 [106]. 

,  

,  

, ,  

. 

 

, , , 

 [160].  

 

.  

 (1-5 )  

 (5-8 ),  

 

, .  

, , , , 

.  

,  

. 

,  

, .  

 

 

.  

,  

,  

. ,  

,  

,  

.  

,  

,  
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,  

. 

 

10.1.  

10.1.1.  

,  

,  

.  

,  

. 

,  

,  

, .  

10.1.2.  

 

,  

.  

.  x 

) ,  

. 

 (  

, ,  

),  

,  

.  

,  

,  

, .  

 

, , 



 

86 
 

 

,  

.  

, , 

,  ,   

, , , , 

.  

,  

 x (r=-0.197  p=0.023), 

,  

(N=133). ,  

 x ,  

. ,  

 (r=0.206),  (p=0.034)  

 

z. , 

 

.   

,  

, ,  

 

 

.   

,  

, ,  

,  

 y,  (r=0.434, p=0.000). 

,,  ( ) [r=-0.225, 

p=0.062]  ( ) [r=-0.242, p=0.037] ,  

,  ( )  

 x ( ).  

,  ( , 

,  
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’ )  

.  

,  

,  

.  

,  

,  

. ,  

, ,  

 

, . 

 

. 

, ,  

 x,  

.  

 

. 

 

, ,  

 ( ),  

 z. 

, ,  

.  

 

.  

, ,  

. 
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10.2.  

 

10.2.1.  

 

.  

’  14 ,  

.  

, . 

 

10.2.2.  

 

 

,  

,  

. ,  

, ’  

.  

 

. ,  

,  

 

.  

 

. 

 –  
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Abstract 

Aim: Development and evaluation of a new method based on theory of 

statistical entropy. The new method is going to permit an objective and 

quantitative evaluation of the gait characteristics in healthy male soccer 

athletes in correlation with their body features. It will also permit an objective 

and quantitative evaluation of the gait variability of patients with acute and 

isolated Anterior Cruciate Ligament (ACL) rupture and will be useful for the 

evaluation of responses to surgical treatment in these subjects. 

Methods: Prior to gait measurement, there was a history 

complementation form and a clinical evaluation form to be filled. A tri-axial 

accelerometer sensor was used for the gait measurement and entropy 

algorithm was used for accelerometer data analysis. The measurement 

device measured the approximate gait acceleration of the centre of gravity 

(COG) of the subject body. All subjects were instructed to walk along a 40 m 

straight hospital level walkway at a self-selected walking speed. 

The group participated at the first study was consisted of 175 healthy 

soccer atheletes which participated in their athletic club obligations. There 

were excluded subjects with musculoskeletal and/or neurological problems. At 

the end 133 subjects were included in the study. Basic somatometric features 

as well as the level of their training were recorded.  

The objective of the second study was to compare the gait variability of 

patients with excessive anterior cruciate ligament (ACL) deficiency 

(experimental group) with that of healthy individuals (control group) using the 

proposed method. The experimental group consisted of 20 men with an ACL 

tear and the control group consisted of 20 healthy men without any 

neurological and/or musculoskeletal pathology or injury. A receiver operating 

characteristic (ROC) analysis was used to assess the diagnostic value of the 

method. 

The objective of the third study was to assess the gait variability of acl 

deficient patients and to evaluate quantitatively its postoperative progression. 
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The same group were measured before and after surgery. Preoperative 

measurements were performed 2 days before surgery. Postoperative 

measurements were performed 6 months after surgery. Repeated measures 

analysis of variance (ANOVA) was used to test whether there was a 

significant surgery effect on entropy at 6 months postoperatively. In the case 

of a statistically significant finding, post hoc Bonferroni adjusted tests were 

needed to pinpoint differences. 

Results: For the first study, the method was sufficient for evaluating 

healthy soccer subjects concerning their body parameters. There was a 

correlation between entropy in vertical axis and hours of training per week, 

between entropy of anteroposterior axis and height, entropy of mediolateral 

axis and difference of thigh circumference, entropy of anteroposterior axis and 

circumference of tibia (right and left) and finally for the subgroup having 

flatfoot with genou varous there was a correlation with the vertical axis. 

In the second study, the entropy index of the experimental group in the 

medio–lateral axis, but not the anterior–posterior axis, was statistically 

significantly higher (P<0.0001) than that of the control group. For the medio–

lateral axis, the ROC analysis estimated a 90% probability for the correct 

identification of patients (sensitivity) and an 85% probability for the correct 

identification of healthy subjects (specificity). According to the ROC analysis, 

the entropy index had a 95.6% probability for distinguishing between ACL 

patients and healthy subjects. The positive likelihood ratio (PLR) was 6.0 and 

the negative likelihood ratio (NLR) was 0.17. Thus, the LR values of gait 

variability suggested that the method has strong diagnostic value for using the 

medio–lateral axis data. 

In the third study, repeated measures ANOVA revealed that there was a 

statistical significant surgery effect (p<0.001). The preoperative and 

postoperative measurements of the acl patients’ comparison indicated a 

statistically significant decrease in entropy for each patient. Post hoc 

Bonferroni adjusted tests yield that there was a statistically significant 
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reduction in gait variability postoperatively. Te same improvement 

postoperatively was observed concerning the VAS, Oswestry and IKDC 

scores. 

Conclusions: The proposed method permits an objective and quantitative 

evaluation of the gait characteristics in healthy soccer subjects. It also permits 

objective and quantitative evaluation of the gait characteristics in patients with 

ACL rupture and evaluation of responses to surgical treatment in these 

subjects. The proposed method is also painless, low-cost, non-invasive, 

requires no radiation or chemicals and the objective index that corresponds to 

gait irregularity may be computed instantly. 

 

Keywords: Gait variability, entropy, biosignal, accelerometer, gait 

analysis, movement disorders, soccer atheletes, training, somatometric 

features, postoperative estimation, anterior cruciate ligament.  
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